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FOREWORD

o The present report is a final technical report for two contracts:

(1) NAS8-24612 for the period April 17, 1970, through June 30, 1972.

4

(2) NAS8-26793 for the period March 15, 1971, through September 30, 1972.
Since the two efforts were complementary, the report has been unified under one
cover as recommended by the COR, Mr. T. C. Bannister. These studies were
sponsored through these contracts by the George C. Marshall Space Flight Center,
National Aeronautics and Space Administration, Huntsville, Alabama 35812. The

Contract Officer Rapresentatives have been T. C. Bannister, L. L. Lacy, and R.L. Kroes.

The effort dealt with a variety of proposed and approved flight experiments and the

]
'
L

associated materials growth and characterization. During the last year, emphasis
shifted from support of proposed Apollo flyback experiments to support of the approved

Skylab experiments, M555 (Solution growth of GaAs) and M560 (Containerless solidi-
fication of InSb(Se)).

The UAH technical staff and its responsibilities were as follows:
J. H. Davis, Associate Professor of Physics and Principal Investigator

R. B. Lal, Senior Research Associate in Physics and Co-Principal Investigator
since February 1, 1971. Areo of responsibility: Electrical characterization.

H. U. Walter, Senior Research Associate in Physics and Co-Principal Investigator

since May 1971, Area of responsibility: Crystal growth ond characterization
of structural perfection.

ok
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For the high frequency characterization (HFC) of GaAs, described in IV of this
report, the following UAH staff was added Mocch 1972:
J. G. Costle, Jr,, Professor of Physics and Principal Investigator
R. R. Lattanzi, Research Engineer
P. T. Huang, Graduate Student in Physics.
The following undergraduate research assistants were involved in this study:
Mr,. Howard Camp, Mr, Mike Guillebeau, Mr. Len Gibbs, Mr. James Levie III,

Mr. James Gordon, Mr. Don Owen, Mr., James Robinson and Mr. Robert Fatheree.
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OBJECTIVES

The specific objectives of this contract were (1) to identify and perform both
experiments and calculations to isolate the beneficial effects of near-zero gravity
on crystal growth and (2) to develop a crystal chracterization program copable of
detecting the expected effects of zero gravity on the growth of specific crystals.
The above objectives are part of the broad objectives of utilizing the near-zero

gravity environment of space to produce higher quality single crystalline materials.

P



SUMMARY OF ACCOMPLISHMENTS

FLIGHT EXPERIMENT DEVELOPMENT
e Spherical Crystal Growth Proposal Accepted for Skylab
@ Proposals Submitted for Skylab on Whisker Growth
e Proposals Submitted for Apollo 15, 16 and 17 Flight Experiment

o Observed Direct Adverse Effects of Increased Acceleration on Cd
Whisker Growth

® Zeio Gravity Brownian Motion Vacuum Gauge Invented

CRYSTAL CHARACTERIZATION
e Five Open Literature Publications - See Appendices III through VII

® Two Papers Delivered to American Physical Society on Characterization
Results

® [mplementation of a Contactless Microwave Surface Resistance
Measuring Technique for GaAs Epitaxial Films Grown in
Skylab M-555

® Correction Made to an Erroneous Journal Article on InBi Chararterization -
See Appendix IV

o Discovery of Self-Rupturing in Polycrystalline InBi under Changing
Temperature - See Appendix VI

® Development of Etchant for Revealing Dislocations in InBi
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I. DEVELOPMENTS FOR FLIGHT EXPERIMENTS ON C .YSTAL GROWTH: STUDIES

ON GROWTH AND CHARACTERIZATION OF CANDIDATE MATERIALS

A STUDIES ON INDIUM-BISMUTH COMPOUNDS

1. APOLLO FLYBACK EXPERIMENTS, GROWTH, AND CHARACTERIZA-

TION OF STRUCTURAL PERFECTION OF InBi SINGLE CRYSTALS*

a. Apollo Flyback Experiments on Solidification of InBi

The major goals of the work performed under Contract NAS8~24612 were

(1) to develop flight ex~eriments on crystal growth

(2) 1o support existing flight experiments on crystal growth,

Our efforts in developing flight experiments were mainly concerned with crystal

growth from the melt. Due to the technical and scientific importance of elemental

and compound semiconductors, we were aiming towards experimentation on growth
of semiconductors. Since the overwhelming majority of semiconductor devices
(above 90%) is based on crystals grown from the melt, solidification from the meit
wns given first priority. Material of superior quality is being produced rather

exclusively by melt growth techniques that avoid or minimize crucible contact,

*Responsible Investigator ~ H, U. Walter
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such as Czochralski, floating zone and horizontal boat technique. Even though

these techniques have been optimized, progress in solid state device technology

is unquestionably limited by chemical and crystalline imperfections of the materials

produced. The parameters affecting the quality of melt-grown crystals are as

follows:

7.

8.

. Variations in microscopic growth rates

Radial thermal gradients in the growing crystal

. Themal convection in the melt

Thermal convection in the gas phase

. Variations in boundary layer thickness and composition

. Constitutional and kinetic supercooling

Suiface tension gradients

Heterogeneous nucleation and contamination by crucible material

The conditions summarized above are the major causes of lattice imperfections and

chemical inhomogeneity. The parameters directly affected by gravity are (3), (4)

and as a resuit (1), (2), (5). Parameter (7) is not gravity sensitive, there are

possibilities to avoid (8) in near zero gravity by applying proper growth techniques

that are adapted to space environment. Development of growth techniques by which

crucible contact is avoided and no fluid motions are induced by the growth technique

itself (a condition that exists both with Czochralski and floating zone technique) was,

therefore, of major concen. Based on an essentially containerless technique

112
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that was developed by us earlier, where melt is suspended by wetting and hemispheri-
cal crystals are produced by solidification of this pendant drop from the inside out
(Fig. 1), growth of spherical crystals was proposed. The experimental approach pur-
sued for Apollo flyback experiments (Apollo 14 and 15) was as follows:

A cylindrical cast was placed in a cylindrical cavity of the experiment car-
tridge. After melting, the material was extruded by means of a spring-loaded piston
through a 1 mm orifice into a spherical furnace cavity. Wetting conditions were chosen
such that the melt would be positioned and suspended at the end of the capillary.
Solidification would be initiated in the melt that remained in the cylinder; arowth
would oroceed through the capillary and thereby provide a single crystalline seed.
Solidification would proceed into the containerless melt which would solidify accord-
ing to the shape of the isotherm in the spherical furnace cavity from the inside out.

A schematic of the experimental arrangement plus furnace is shown in Fig. 2(a) and 2(b).

A second experiment applying soft mold Bridgman growth was conceived in coopera-

tion with the S&E-PT-PE and S&E-SSL-T staff. This experiment was intended to be a simple

demonstration on melt growth that would provide first information on improvement
of crystal quality due to absence of gravitational forces. The arrangement is shown
in Fig. 2(c).

A third experiment that was proposed and carried on by Mr. B. Aldrich

(S&E-PT-MXX) concerned eutectic solidification. Qur involvement in this experi-

ment was restricted to support in characterization.




Fig. 1.

Hemispherical Crystal of Nickel. Melt wos suspended by wetting; controlled
solidification by linear!v reducing the power input into the heating (RF) cavity
surrounding the melf.
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Since dopant distribution in melt grown crystals is expected to be more homo-

geneous in crystals grown in space environment as compared to crystals grown on earth,
an experiment that would elucidate the doping process was proposed. A Bridgman growth
tube with alternating slabs of doped and undoped slabs was to be processed; the initial
square function dopant distribution would be altered after melting and unidirectional
solidification according to diffusion and segregation coefficients, residual convection,
temperature, temperature gradients and soak time.

Materials selection was very much subject to the parameters of the gradient
furnace that was designed and constructed at S&E-PT-PE. The maximum temperature that
could be reached due to available power, allowed skin temperature of only 120°F, and
restriction in size and weight was 130°C at the hot end of the heating cavity. For experi-
mentation during Apollo 14 and 15 flights, InBi, a IlII-V compound with metallic
properties and a melting point of 110 10.5°C, was chosen,

For Apollo 16 and 17 a more sophisticated furnace that was capable of reaching

about 600°C at the hot zone was constructed at S&E-PT, permitting the use of
higher melting materials. We were in charge of an experiment on containerless solidifi-

cation; doped and undoped samples of Indium Antimonide (Tp= 525°C) were to be processed.

The experiment arrangement was different from the one used for Apollo 14 and 15; a
schematic of furnace plus cartridges is shown in Fig. 3.
For Apollo 14, 15 and 16, cartridges for the spherical crystal experiments were

designed and fabricated at The University of Alabama in Huntsville (UAH).* The outer

* This effort was also supported by NASA Contract NAS8-28112,
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stainless steel envelopes were designed and fabricated at S&E~PT-PE. Support was given

to PT-PE on thermal analysis of flight prototype furnace and samples.* A step-by-step

characterization plan on each of the experiments mentioned above was written together with

T. C. Bonnister (S&E~SSL-T) and R. B. Lal (UAH)*; see Appendix 1.

The experiments mentioned for the Apollo 14 flight were approved for flight by

.-

NASA as part of an experiment package that also contained a series of experiments on
solidification of multicomponent systems. Mos:t of the experiments in this package were

carried out during flight; all of the experiments on crystal growth and eutectic solidification

-
rq'
Fr
i
5
i
% .
%4
L
i

were not processed due to time losses because of docking problems during fligh:. The
omitted experiments were then again scheduled for the Apollo 15 flight; however, due to

a short circuit in the furnace monufactured by PT-PE, which was discovered only a few days
prior to launch, the package did not go on board.

A more sophisticated package of experiments with a more versatile furnace was
then prepared, fabricated and tested for Apollo 16 and 17; however, it was not approved
for flight.

Since InBi was a compound that had then been investigated very little, consider-

able time was spent in establishing optimal growth parameters for InBi and methods for analysis

and characterization. An outline on properties of InBi with emphasis on our findings on phase

~ width, growth and structural perfection of InBi is given in the following paragraphs.

*This effort was also suppcrted by NASA Contract NAS8-28112,
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b. Structure, Phase Width and Physical Properties of InBi

According to X -ray structure analysis reported by Binnie,® InBi

crystallizes in the ditetragonal <bypyramidal point symmetry group (4/mmm); the space
group is P4/nmm, c/a =0.9555. The structure consists of alternating layers of indium

and bismuth atoms normal to the c-axis. (Fig. 4).

.

% §

X N

5 i

i

T

éé o I IneeeeBi 313A §
Bt 8 368 A e |

QB In n 3-5¢A

Tetrzhedral angles: 106°(2) and 111°(4)
Pyramidal  angles: 104°(2) and 67 (4)

Fig. 4. Atomic Arrangement in Faur
Unit Cells of InBi.

Since the positions of the bismuth atoms with respect to the c-axis are | 1,876 and
~1.876 k, two sublayers of bismuth exist. Each indium layer is in first coordination

( with the bismuth sublayer on either side of it and the closest spacing of atoms in

g
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neighboring bismuth layers is 3.68 £, This is larger than the spacing of atoms in
adjacent layers of metallic bismuth (3.47 1) and InBi, therefore, cleaves readily
between neighboring bismuth layers along (001).

The phase diagram of Bi-=In shownin Fig. 5 was investigated by Henry and Badwick’

by Peretti and Carapella,® and more recently by Giessen,®

Yernperoture, °C

o0 & L0 ¢]
L]
Bismuth
* 300
L A i A
&0 80 0O
In Momic Percent Bisinuth e
(2]
’ 8 Tnfu
mm LA J_[IJ__ ~,.HME'_J
F { P &
) V:)

Fig. 3. (o‘ The equilibrium phase diagram In-Bi. (b) Tentative revised equilitrium
pnase diagrom In-Bi containing the new phase InsBi,. (c) The nonequilib-
rium phase diagram In=Bi at -190°C, as obtained by splat cooling. Re=-
tained equilibrium phases marked above the diagram, retained nonequilib-
rium phases below the diagram.
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The eutectic used for the Apollo demonstration on eutectic solidification was
the lower melting eutectic ('72°C) with 22 atomic percent bismuth.

As indicated in Fig. 5, the phase width of ln]_‘_ xBiIIx

has not yet been estab-
lished. Since intermetallic compounds frequently have phase widths of several atomic
percent, and on the other hand excess of one component can lead to constitutional
supercooling especially under solely diffusion controlled conditions, we have inv

gated the compositional variation that the InBi lottice can tolerate. Alloys rangit

from +1 to -1 weight percent excess indium and bismuth in increments of 0.1 wt %
were prepared by alloying and casting in high vacuum. Part of the alloy was then uni-
directionally solidified by an unseeded horizontal boat technique in quartz boats in
high vacuum. Powders, < 10 micron grain size, were prepared from cast material and
beginning and end of the samples solidified in the horizontal boats. Out of these 40
samples, 30 have now been analyzed by powder diffraction (Debye-Scherrer).

Since one of the neighboring phases to InBi, namely In.Bi ., is superconducting and InBi
is not, this phase could readily be detected by electrical measurements at low tempera-

tures. Forty samples for resistivity measurements were prepared; however, the studies

are incomplete. Our preliminary results by X-ray and optical methods indicate
possible compositional variations of InBi of < + 0.1 wt %,

Areas of lower reflectance found on cleaved surfaces (001) of crystals prepared
from the same batch as used for Apollo 14 samples were of concem to SSL staff and
NASA headquarters representatives. We have investigated these areas by optical micros-
copy, scanning electron microscopy and electron microprobe analysis, in cooperation with

Mr. D. W, Gates, S&E-SSL-TT. Characteristic X-ray spectra of the different areas on a

crystal surface are shown in Fig. 6. The results indicate that no different phase was present.

i
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A summary of properties of InBi that are of importance as far as solidification

is concerned is given in the Table I.

-

Property Value, Unit Temp (KK) Ref.
Formula InBi
phase width - + 0.1 wt % (our preliminary value)
Molecular weight 323.82
Symmetry P 4/n mm (PBO(B10) type structure) 3
Lattice parameters a, = 5,015 A TR v
c, = 4,781 A TR 3
Melting point 110 +0.5 7
Thermol conductivity 0.011 W/em®K Tr 8
Electrical resistivity 107* ohm-cm 8
Resistivity ratio 60 - 300 9
Electron mobility 30 cm® MV sec 10
Coefficient of (1.21 +0.05) 107 ° to 12°C to

self diffussion of In
in InBi

(9.64 +0.48) 107° em™/sec

800°C resp. 11

Enthalpie of formation AH" = ~563 cal /g - Atom 12
(from In,Bi, solid)
Entropie of formation AS" = 0.26 cal/g - Atom 12
Table |
c. Growth of InBi Single Crystals
Since only qualitative information on growth was available,'®~!” we have

processed about 90 samples at various growth conditions using Bridgman, Czochralski
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and horizontal boat technique. The quality of the samples was studied, optimal
growth conditions were established, and the perfection of the samples obtained by

the different techniques was compared.

Growth by Bridgman and Horizonta! Boat Techniques*’ **

Single crystals up to 20 cm length and 4 cm diameter were grown by the
Bridgman technique b, passing the crucibles through a gradient furnace. Quartz,
Pyrex and carbon (5N) crucibles were uscd as hard molds. Soft mold arrangements
consisted of samples cast in carbon split molds and packed with high—purity carbon
powder (5N, 325 mesh) into a Pyrex container. All crysials were self-nucleated;
sample geometries with constrictions and/ or pointed ends were used. The Pyrex
containers were sealed off in high vacuum, whereas growth in carbon and quartz
crucibles was simply done in air. Gradients at the melting point (IC‘?.SOC) of
10 - 35°C/em and growth rates from 0.3 ecm/hour up to 5 ecm/hour were applied.

For horizontal boat growth, high purity quartz was used as boat material. The
experiments were performed under high vacuum at 10°° - 107 torr. The cylindri-
cal, single coil fumace with gold reflector surrounding the vacuum tube was traveled
at 1 to 5 em/hour. The molten zone was about 2 cm wide; the solid-liquid inter~
facs was slightly convex toward the melt,

Ovut of about 40 self-nucleated samples grown by hard and soft mold Bridgman
and horizontal boat technique, about 90% of the crystals and grains were oriented

with the (001) plane parallel within 10 degrees --ith the growth axis. See Table II,

* Starting material: Bi: 5N +, In: 6N, alloying in high vacuum, stochiometric
composition within + 0.01 wt. %,

. o
*+ All temperatures controlled with current proportioning controtlers to <+ 1°C.

(3
'i:‘.k
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Angular

deviation [®] 0-1 1-2 2-3 3-4 45 5-6 6=7 7-8 8-9 9-10 > 10
Number of

Samples 10 6 8 7 5 6 7 5 4 2 7

Table II. Orientation of (001) of seif-nucleated crystals with respect
to crucible axis in degrees of arc.

[

%’ Growth by Czochralski Technique*
g All crystals were grown in inert atmosphere (N,) at atmospheric pressure. To
‘i enable us to apply pulling rates greater than 5 cm/hour, the seeds were mounted in
a watercooled sample holder. The seed crystals were oriented perpendicular to the
> c-axis. No difference in growth rate and growth behovior could be observed within :

these (hk0) directions. Growth rates from 2 to 10 em/hour were used; at high growth
rates, > 6 cm/hour, a tendency was observed to form additional grains at the periphery
on the samples. Similar to self-nucleated crystals, these grains were generolly
oriented with the (001) planes about parallel to the direction of growth. No variation
in growth rates could be observed within the (hk() directions of the (001) planes.
Interface shape was found to be convex towards the melt. Crystals grown with seed
rotation (2 - 6 rpm) had elliptical cross sections, the larger axis of the ellipse being
parallel to the (001) plane. Axis ratios were between 1.1 to 1.2. This effect was

more outspoken with crystals grown without seed rotation; ratios between 1.3 10 1.9

were observed. This indicates higher growth rates parallel rather than perpendicular

to (001).

*Bridgman, horizontal boat and Czochralski setups were designed and constructed at
UAH under this contract.

AP o5 g <
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(d) Characterization of the Crystals

The quality  the crystals was studied in terms of subgrain misorientation and dis-
location densities. In general, observations were done on cleaved (001) pianes.

The mirror-like cleavage planes allow determining of grain and subgrain mis-~
orientations very readily. A two=-circle optical goniometer readable to 1 min. of
arc was used to determine larger misorientations. Misorientations below 1 min,
of arc were measured by probing the surfaces with a laser beam and scanning the
crystals., Tilt angles to about 20 seconds of arc could thus be observed by splitting
and displacement of the reflected beam. This approach, backed up by Laue and
Berg-Barrett photographs, enables one to cbtain quantitative and statistical informa-
tion on the mosaic structure exposed at cleaved surfaces.

Dislocation densities were determined by counting etch pits on (001) planes.
Several chemigal etchants were found to produce pits (see Table III).
Solution #2 ond modifications thereof were reported to produce valid results for
InBi 7 This etchant has also been successfully applied for etching of InAs (111),17
CP-4 etchants have been widely used for etching of other 111~V compounds, and
alcoholic solutions of oxidizing ngents such as chlorine, bromine, etc. were re-
ported to reveal reliably dislocations on cleavage planes of zinc.>® Solutivn #1
produced square, pyramidal pits, the sides of the squares being parallel to [ 110]
as determined by Laue photographs. Besides preferential etching, the surfaces were
attacked in general (see Fig. 7a) and it was sometimes difficul! to discriminate
pits from the background. Etching in solution #2 resulted in square, flat bottom

pits (Fig. 7b), a tendency to oxidize the surface was observed and the squares tended

to overlap since lateral growth taok place rather fast. Irregular shaped pits were formed
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by solution #3, the surface was otherwise not attacked. Best defined pits of coni-
cal shape were obtained by etching with solution #4, The remaining part of the
surface was unaffected (Fig. 7c).

To ascertain that the pits correspond to crystal defects, matching cleavage
planes were etched with solution #4 and the patterns were compared. Unlike other
III =V compounds, InBi does not have a polar structure and, therefore, planes
equivalent by symmetry are also chemically identical. Except for grain boundaries,
the matching of the pit patterns was, however, only qualitative (Fig 8),  This
indicates low activation energies for dislocations to be moved; evidently the
cleavage process causes rearrangement of dislocations. Consequently, mechanical
deformation experiments were performed. Etching, bending and reetching of speci-
mens showed that strain caused the appearance of many new pits. In addition, a
large percentage of the original pits showed flat bottoms. Since slip lines and grain
boundaries (Fig. 8) were also decorated and annealing reduced the pit density con-

siderably, it was concluded that the pits obtained correlate with crystal defects.

(¢) Quality of the Crystals

As already indicated, the overwhelming majority of self-nucleated crystals
grew with the (001) plane parallel to the axis of the crucible or rather to the growth
direction. The substructure generally also comsists of long grains and subgrains
parallel to the direction of growth. The subgrain width was of the order of 1-2 mm
and the average misorientation about 14 minutes of arc for crystals grown in hard
molds. Cleaved somples are shown in Fig. 9. The best hard-mold Bridgman crystals

were grown at rates of 10 to 12 mm/hour and gradients between 15° and 25°C/cm.
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Fig. 10. Effect of annealing on etch pit density on matching cleavage planes.
Left side annealed, pit density 2.5 - 107; right half not annealed,
pit density 5 + 10*. Linear magnification 120X. Crystal grown by

Czochralski technique.
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Dislocation densities in as~grown crystals ranged from 0.9 + 10* to 2.3 - 10* per
cm?; the average was 1.6 - 10* dislocations/em . These counts include the dis-
locations at grain and subgrain boundaries. Crystals grown in soft molds were of
considerably better quality. Best crystals were grown at low growth rates (~ 1 em/
hour) and relatively steep temperature gradients (25 to 35°C/em).

Average misorientation of grains was about 5 min. of arc, with grain width
being 1 mm to several cm. Dislocation densities were also somewhat lower,
0.6 - 10* to 2 * 10* with an average of 1.3 - 10* dislocations/em®. Growth by
the Czochralski technique produced single crystals only with seed orientation along
the (hkO) directions. Growth along (001) resulted in polycrystals. The best crystals
were obtained by growing at a rate of 3 = 4 cm/hour and by tapering the seed to
1 to 2 mm diameter and then constantly increasing the crystal diameter at an angle of
10 to 15 degrees. Crystals as large as 6 ¢cm in length and 1 cm diameter with no observ-
able subgrains were obtained. The average dislocation density was about the same as it
was for soft mold Bridgman-grown crystals, nomely 1.3 - 10%/em”.

Annealing of samples at IOOOC for 4 - 8 hours and returning to room temperature
at a constant rate of about 20°C/hour resulted in considerably lower etch pit density.
The density was reduced by a factor of 20 to 30; crystals with less than 1000 counts per

cm? could be obtained (Fig. 10).

It should be mentioned that single crystals of InBi were given to Dr. R. Kroes
(SSL-T) for optical reflectance studies, io Dr. L. Lacy (SSL) for measurements of

elastic properties and to Mr. T. White (UAH) for studies on thermal expansion.
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1.A.2, ELECTRICAL MEASUREMENTS ON InBi CRYSTALS*

The characterization of the crystals of indium bismuth compound started with

NASA's interest in growing this material in one of the Apollo Flyback missions. The
intermetallic compound InBi, in contrast to other 11I=V compounds which are semicon-
ducting and have zinc blende or ciamond structure, is metallic in nature and exists in
three different phases.” The purpose of these studies is to differentiate the effect of re-
duced gravity environment on the growth of single crystals. The studies will provide
background data that can be used to compare and differentiate the quality of crystals
grown in space and on earth.

Electrical resistance arises whenever the regular periodicity of the lattice is dis-
turbed. The resistivity of a pure perfect crystal is low since there are no defects to
scatter or stop the electrons moving through the lattice under the influence of the
applied voltage. In a real crystal, though, there are several types of deviations from
this perfection which scatter electrons and this contributes to the resistivity 0. These
contributions act independently of one another, and are due to thermal oscillations
of the atoms, n(T), scattering due to impurity atoms, o(¢), scattering due to vacancies,

o(v), and relatively small contribution for dislocations, ;1d). Thus
o0 =p(T) +o(c) + o(v) +p(d) m

For the most part, contributions due to impurities and physical defects are treated
independently in theoretical discussions, but, in general of ccurse, both are present
in any physical experiment. The residual resistance in metals is the limit of the ob-

served resistance when extrapoiated to absolute zero (with many metals a measure-

* Person in charge - R. B. Lal
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ment at 4K is quite adequate) which is cisumed to be due solely to chemical and
physical imperfections, Correspondingly, the remainder of the resistunce o(T)
(often callea the ideal resistance) is assumed to arise solely fror  ._imal vibrations
of the unperturbed fattice and hence to be characteristic of the ideally pure and
physically perfect metal crystal. Dislocations as well as point defects cause
scattering of ‘he conduction electrons in metals, and tnus are responsible for an
increase of the electrical resistivity over the residual resistivity and thermal re-
sistivity, One usually assumes validity of the Matthiessen's rule.

For measurement of resistivity , the following two methods were used:

(@) Two-point probe method

(b) Four=-point probe method

Experimental arrangements were made for setting up the two=point probe method
of resistivity.® Basically the procedure involves making ohmic contacts to the ends
of the sample, passing a known current through the sample and then measuring the
voltage drop across the two probes applied to the surface. The resistivity is then cal -

culated:

A
C

©
i}

ohm cm (2)

where A = cross sectional area normal to current
L = distance between two probes
I = constant current
V = potential measured across the two probes
The four probe technique developed by Veldes,* was used to determine resistivity

of samples in the form of flat discs. According to Valdes, the resistivity n is given by,

p s
e

S
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o = 2m31’-ohmcm (3)

where the distance between e.éch of the four equidistant probes "a" is usually about
0.13 cms, V is the potential measured across the inside probes and I is the current
passing through the octer prabes.

The low temperature work down to 4.2°K was done using a glass cryostat. The
temperatures were measured using Cu - constantan and Au + .07% Fe ~ chromel
thermncouples. The values of voltages, current and thermocouple voltage were re -
corded using a Hewlett Pockard data acquisition system having 2402A integrating
digital voltmeter, 2547 A coupler, 29118B crossbar scanner and a teletype sy:tem.

Data cc.ld ulso be taken on a tape which can directly go ¢ a computer to calculate
the value of resistivity and to plot the curve for the temperature variation of resistivity.

Since indium bismuth is a very low melting compound (109°C) special care was

taken in making ohmic contacts on the sample. For current contacts electrical leads

- B

were soldered using a low melting solder #B20E2 (mp 204°F) made by Alpha Metals,
Inc. The crystals were mounted on alumina substrate. The potential probes were
pressure contacts for samples of definite rectargular geometry.

For Apollo Flyback samples of InBi a special crystal holder was made from teflon

where the whole cast sample could be used for resistance measurement (see Fig. 1).

]

All the electrical lsads were pressure contacts. The sample holder was tested by using

v a5y

samples of stainless steel 303 ond high purity aluminum rods of about 0.62 cm diameter.
The volues of resistivities for stainiess steel and aluminum were found within 5% of the

available values in literature (Table 1),



Rep———e L R L e
V)
™
| "By
10}23UU02 $4204U0D
mc:g 1addo>
e v _
~ pos Japjoy | I|J; _” a|duiog M _ - [_219wos |
[oS N — PR =1 —_— e — —— — ]
& o N 2
2 1111 n ot al ..m" e
‘51 _/ B 5 gl
o s{oDju0d Jaddod EmuH -A +A
g T
33QT0H TVLICAYD NO4IL
) -




Tasle |

Test of Teflon Crystal Holder

Measured Reported
Resistivity by Value of
Sample o in ohm cm p (ref 5)
Stainless
Steel 303 75.48 x 10°° 73.5x 107°
High purity 2.52x 107° 2.67 x 107°
Aluminum
6061

Results for Cast Polycrystalline Samples (Destructive Effects of Thermal Cycling)

36

Cast samples of InBi were solidified f.om the high purity molten indium and bismuth

in a cylindrical, $.4 mm diameter split graphite mold. Sample dimensions were measured

with a traveling microscope. The melting point of one of the samples was chezked
and found to be 109 + 1°C as expected. This eliminates the possibility that the

presence of heterogeneous phase, °

here. The results of resistance measurements on polycrystalline InBi samples at room

temperature and at 77°K are showr

longer uniform because of interna! ‘ractures noticed after cooling the samples down

such as In or Bi, caused the results reported

Table II. The sample current density is no

to 77°K; therefore, symbol o' for the apparent resistivity is used.
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Table 11

Resistance Ratios of Indium Bismuth Samples

027 o' ges

Somple P 3¢5 Pzes
Single Crystal 1 .20 1.0

ecenc—————

InBi Polyerystal 2 .47 1.8
3 .55 2.0
4 2.3
5 .69 2.2

In general, the resistance decreased by about 1/2 instead of 1/5 (as seen for
single crystal) as the temperature was lowered from 295°K to 77°K os seen in column 1.
When the somples were warmed back to room temperature, p' was about two times
greater than it was before quenching to 77°K as seen in column 2. Table II covers
only the first cycle; however, repeated quenchings further increased the value of

p'aer. These changes were independent of the rate of cooling from 50 to IOK/sec.

" . s e

Several of the samples which had been quenched several times were annealed
at 50°C. The resistivity decreased by up to 20% in several hours, but the amount and i

rate of recovery was not reproducible from sample to sample, An' ealing one sample E:

RN

at 80°C did not produce additional recovery.
Microscopic examination of the InBi polycrystals after cycling revealed surface
cracks, which hod not been observed on monocrystals. In order to study the morphology

more carefully, samples of InBi polycrystals were polished on one side. This removed the
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outer layer of marerial which might have been affected by the mold and pro-
vided a flat surface for examination.

The appearance of the original polished surface is shown in Fig. 2. Fig. 3
shows the same after seven cycles to 77°K. Note that (1) the grain boundaries
have darkened considerably, (2) that grains appear to have subdivided ond (3)
that new, long vertical straight fractures have appeared which pass through several
grains,

Several samples actually fractured in half after about 10 cycles to 77°K..

The fractured ends consisted of several smooth facets which presumably were the
(001) cleavage planes of each grain.

Similar, but more subtle, morphology results have been reported for other non-
cubic materials by Boas and Honeycomb”’ ®/® who stuciied the deformation of poly-
crystals of tin, zine, cadmium, and other materials by cyclic heating and cooling.
Their results indicated that the anistropy of thermal expansion causes plastic deforma-
tions which resulted in changes of the morphology of grain boundaries of noncubic
materials. Cyclic treatment of materials having cubic symmetry or small differences
in thermal expansion coefficients (such as magnesium) did not produce deformations.
Their X-ray examination of samples, for which the -rface layers had been etched
away to remove slip lines, indicated that the deformation occurred throughout the
specimen. Epprecht® has studied the behavior of heterogeneous aliloys by thermal
treatment and has found deformations when the thermal expansion coefficients of the
components were considerably different. Likhachev!® has studied the problem of

stresses generated in crystals theoretically in terms of the temperature variation,
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Fig. 2

InBi polished surface before thermal cycling

Fig. 3

The same InBi surface after seven thermal
cycles to 77°K

39
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the elastic constants, and the differences of thermal expansion constants.

The present results in polycrystals of InBi are attributed to an anisotropy in
the thermal expansion and the good cleaveability in the (001) plane. The de-
formation resulting from the temperature change produced the irreversible change
of the resistivity and morphology. The observation that there were no changes
of the resistivity or morphology of single crystals of InBi is compatible with this
analysis because a single crystal would not have surrounding grains on which to
exert stress,

Obviously any experimentalist contemplating using polycrystalline InBi ot low
temperature should consider using single crystal samples or take into account the effects
of stress on his results. Polycrystalline InBi appears unreliable upon cooling to cryo-
geni< temperatures structurally or as an electrical solder. The results of the above

measurements were published in open literature,!?

Results for InBi Single Crystals (Correction of Hashimoto's Data)

The electrical resistivity of InBi single crystals were measured by two-point
probe method. The current contacts were soldered with low melting solder (mentioned
earlier) and the potential probes were two pressure type contacts or in some cases
lightly pressed screw in contacts. Special probe assembly was designed and fabri-
cated at UAH (fig 4). Samples were mounted on alumina substrates. Samples used
for these measurements were single crystals grown at UAH by different growth techniques.
Other experimental details were the same as mentioned earlier in the report. Tempera-~
ture variation of electrical resistivity down to 4.2°K was measured in a number of

crystals cleaved along (001) plane and cut by a special wire cutter into a regular

o e e AR e o v S o G
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rectangular shape. Sample dimensions were measured with a travelling microscope.
In some samples resistivity was also measured down to 2.5°K by pumping on the
liquid helium. Temperatures below 4,2°K were measured by noting the vapor pressure
of helium and using the table given by Hoare gt_ol.“’ X-ray Laue pattern shows that
all the crystals studied belong to a tetragonal system. The crystal structure has
been reported earlier by Binnie.® Result of measurement of temperature variation
of resistivity for somples #5, 6, Cz (1), Cz(11) are aiven in Table 11l and the curves
are shown in Figs. 5, 6, 7 and 8, respectively.

The room temperature resistivity in all cases compares with the only available
values reported by Asanabe.'* From the curves of temperature variation of resistivity

it is evident that in the case of InBi the behavior is metallic and the residual resistivity

Paoco
Ps,2

o .
occurs around 4 K. The values of resistance ratios ( > for different crystals are

given in Table 1V.

Table IV

Resistivity Ratio 0300 for InBi Crystals

Pa.2

Sample Paoo/P4, 2
#5 275

ke 70
fCz(1) 45
#Cz(11) 98

T R s R



Table 111

Temperature Variation of Resistivity of InBi
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B Sample #5 to #C2(1) #Cz(11)
Temperature Resistivity Resistivity Resistivity Resistivity
P, ohm cm P, ohm ¢m o, ohm cm p; ohm cm
2.6 3.60x 1077 10.91 x 10~7 1.73x 107°
3 1.72
3.4 10.91
3.6 3.60
4.2 3.6 1.19x 1078 1.72 1.37x 107°
5 3.7 1.21 1.7 1.6
10 7.3 1.49 1.9 3.2
20 2.3x107° 2.70 3.2 6.0
40 7.0 5.8 6.1 1,4x107°
60 1.3x 1078 9.5 1.0x 107° 2.2
80 2.0 1.4x107° 1.5 3.0
100 2.8 1.8 1.9 3.8
120 3.8 2.4 2.5 4 6
140 5.0 2.9 3.0 5.6
160 5.6 3.4 3.5 6.5
180 6.4 4.0 4.2 7.5
200 7.3 4.6 4.7 8.2
220 7.8 5.2 5.2 9.1
240 8.0 6.0 5.8 1.0x 1074
260 8.8 6.5 6.5 1.1x 1074
280 9.2 7.2 7.0 1.25
300 9.9 7.7x107° 7.7x107° 1.35x 107°
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TEMPERATURE VARIATION OF RESISTIVITY OF InBi SINGLE CRYSTAL
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In samples #5, & and Cz(1), resistivity data were taken down to 2.6°k. Mo aopreciable
change of resistivity was found in going from 4.2°K down t0 2.6°K. ‘ihe high values of
resistivity ratio is a good indication of the crystal purity and can be ragarded as a mea-
sure of crystal quality.

The data reported here for InBi single crystals do not agree with the resistivity
data reported by Hashimote.1®  Hashimoto measured the resistivity (n}) down to 2°K (Fig.5)
in one of the samples of Asanabe. Hashimoto did not observe residual resistivity even
at 2°I and found a sharp fall in his resistivity curve around 8°K. This seems unlikely for a
metallic sample where no residual resistivity is seen even at 2°K and a corsiderable depar-
ture of Mathiessen's rule i, observed. fhese results developed considerable doubt of the
validity of Mathiessen's rule in the ccse of (nBi samples. Although samples used by Hashimoto
had the tetragonal structure of InBi but their mp was reported to be 103°C (as compared to
109.5°C). The most probable source of error expected in the measurements of the above
workers is the possibility of having an excess of one of the phases. To check on the above
results, some cast snmples were grown with 1 at % excess of indium, The result of measure -
ment of resistivity for one of such samples is shown in Fig. 9. The sample war found to
be superconducting, but the ‘ransitior. width was much smaller as compared ‘o Hashimoto's

results. At the time when Hashimoto published his paper, superconductivity in indium

a’w ymﬁ-‘:‘m;»n.au.ﬁ,; e

® that

bismuth compounds were not reported. It was reported later by Jones and ittner’
. . . - °
InaBi is superconducting with a transition temperature of 5.6 + 0.1°K; also Hutcherson
_— ° . .
et al. and Cruceanen et al. }® reported a transition temperature of 4.1 K for Ingbi. . This

makes us believe that Hoshimoto's crystals might have had o trace of IngBi., phase which,

in turn, gave rise to superconductivity. This gives a very geod indication that an InBi single
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crystal, if perfect, should not exhibit any superconductivity, and should have almost
a line type compound in the phase diagram. From the results of temperature varia-
tion of resistivity in InBi single crystals it can be concluded that this intermetallic
compound, unlike other compounds of the same series, is metallic. The compo-
sition width of InBi is extremely narrow. The high value of resistivity ratio is a

good indication of the overall crystal quality. No appreciable change in the

value of the resistivity ratio was detected for some single crystals of InBi after

they were annealed at room temperature for a few months.

Estimate of Lorenz Number for InBi

The electrical resistivity versus temperature curve may be used in interpreting thermal
conductivity data in transformation regions. The data are correlated by the Wiedemann-~

Franz Lorenz equation as follows:

©
G afin i

where

e o
K = thermal conductivity in watts/em K

L, o,
g

T = te nperature in absolute K

PR

= elect-ical resistivity in ohm-cm.

Lo = constant, known an Lorenz number

The chief use of the above equaticn is to determine both thermal conductivity
and electrical conductivity on one or a few specimens of an alloy or metal to establish
the constant for that particular system. For metals, the value of L, has been found

to be constant and the theoretical value to be 2.45 x 10™° watts ohm/K?.
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No reliable data are available for the thermal conductivity of InBi crystals. We
have tried to estimate the value of L, using the thermal conductivity data of Weighardt
(ref. 19) and our data of electrical conductivity. The value of L, was found to be
2.33 x 107° watts ohm/K™. Krivovﬂﬂ_.% have also measured the thermal con-
ductivity of InBi single crystals from 110° K to 330°k. They found that their crystals
had a melting point of IOSOC, which is different from the reported mp of InBi. Using
their value of thermal conductivity (3.2 x 107° cal/cm. sec. deg.), we calculated
a value of L equal to 0,38 x 107° watts ohm/K®. This value of Lo is very
different from the theoretical value of L,. If we «ry to estimate the value of
thermal conductivity of InBi at 4,2°K using our value of electrical resistivity and esti-
mated value of L.(2.33 x 10™® watts ohm/K?), we find a value of = 50 x 107~ cal/cm.
sec. deg.). This suggests that the behavior of thermal conductivity of InBi is not only
electronic but also has a significant lattice contribution similar to metals like antimony

and bismuth. More accurate measurements of the thermal conducitivity of InBi at room

temperature and at lower temperature are needed to resolve the bohavior of thermal

and electrical condutivities.

Computerized Data Handling and Curve Plotting

During the previous year data were taken on a teletype printer and graphs were
hand drawn only after manual calculations and chart interpolation had been made at
each point. Now we can take parallel data in tke form of punched paper which may
be fed directly into the computer for calculations and automatic graphing. The variables

are usually sample resistance (voltage) and temperature (thermocouple output). The

»* ,.-éggﬁi"‘{u

=
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Figure 10.Sample data computer analyzed and plotted for InBi single crystal.
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direct use’of an X-Y recorder was not meaningful since the thermocouple and germanium
resistor voltages are not linear in temperature.

The first test results, displayed in Fig. 10, show the change in resistivity of an
InBi sample cooled from about 120 to 80°K. Only slight program changes will permit

germanium resistance thermometer output to be used.

Table for Properties of InBi, InzBi and In;Bi,

During the course of work the attached tables (V, VI and VIII) were compiled

which list important properties of indium bismuth compounds.

Conclusion

From the results of electrical resistivity measurements reported eurlier, it can be
seen that InBi intermetallic compound behaves like a metal, unlike other 1I1-V compounds.
The residual resistivity in single crystals appears around 4°K and does not support the re-
sults reported earlier by Hashimoto. It appears that the composition width of InBi is very
narrow and the other two compounds, In_Bi and In.Bi,, are superconducting. Polycrystals
are extremely susceptible to thermal cycling effects. Resistivity ratios 0,9 5/04, 5 in the

case of single crystals can safely be regarded as an indicator of overall quality of a crystal.

3
i
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TABLE V 54
PROPERTIES OF INTERMETALLIC COMPOUND InBi
Property Description Comments Reference
Melting point 109.5°C The compound melts congruently . Constitution of Binary
Alloys, 2nd ed. McGraw
Hill Book Co., New
York, 1950.
. Trans. of Metallurgical
Saciety of AIME, 239,
883, (1967).
Crystal Structure Tetragonal Each Bi atom has four In atoms . Acta, Cryst., 9,
a=b=5.00 4 as nearest neighbors. The 686 (1956).
c=4.773 % . structure consists of layers of
¢/a=0.,955 A like atoms nomal to C - axis.
Marked cleavage plane nomal to
C - axis. Density measurements
show there are two molecules of
InBi in unit cell.
Space Group P4/nmm . Ref. 2
Electrical ~8.8x 107° Electricol resistivity increases . Memoirs of the Faculty
Resistivity ohm em proportionally to temperature of Science, Kyusyn
P =1/2(fay + Paa) at 300°K Univ, Ser. B, 2, No. 2
(Mean) 82 (1956).
:—:—ff 1.6 Values are at 300° K . Same as ref 5.
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Properties of Intermetallic Compound InBi
Property Description Comments Reference
Electrical ~8x 107° The measured resistivities of In Bi 7. Trans, JIM, 3, 35,
Resistivity ohm cm alloy was shown to satisfy the linear (1962).
(Molten) relation to temperature and the para-

bolic relation to concentration

~1.3x107°
em®/ coulomb

Hall Coefficient
and Free Electron

The Hall coefficient (Ra,) remains 8. Same as 5
constant for the range 80°C to

Density ~103" cm™2 -170°C
Residual Resistivity The quick freeze method of 9. Phys. Rev. 144, 715,
0 /po (Quick freeze ~ 40 growing involves use of a graphite (1966).
method) boat and mixture of In and Bi is
p /po (Bridgmun) ~ 80 melted in air. Few tentative con-
clusions concerning the Fermi sur-
face of InBi are given,
Superconductivity NO InBi (y phase) has been found 10. J. Less Common Metals,
— non-superconducting down to 11, 295 (1966).
0.5°K (by adiabatic demagreti -
zation)
Diffusion Coefficient D=1.21 x 10°° The self diffusion coefficient of 11. Z. Metallkde él,
D forln *1* 2 o XY In'** in the molten InBi com- 19 (1970).
cm? /sec at 112°C .
D=9.64 x 10°° pound was measured by caplllgry
cm? fsec at 800°C reservoir method between 112°C
to 800°C.
q
NMR Studies Activation energy ‘T{e results indicate the exis- 12. Proc. Phys, Soc. 87
(Molten State) for the dissociation tence of intermetallic com- 473 (1966). -
of InBi grouping = pound in liquid state. 13. Advances in Phys, 16,
2 keal mole™ L. b) Knight shift is sensitive 275 (1967). -
to the short range atomic order. 14, Proc. Phys. Soc., 90
(¢) The axial component of 495 (1967), -
Knight shift and the isotropic
knight shift is small compared
to bare metal .
Phase Diagram Three stable phases have been 15, Same as ref. 1 and 2.

reported, InBi, IngBi, IngBis
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Properties of Intermetallic Compound InBi
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Property Description

Comments Reference

Debye Temperature

Specific Heat

Heat of Fusion

Vapor Pressure

Absolute Thermal ~0.019 at 100°C 16. Z. Metallkde, 57,
Conductivity in 76, (1966).
Cal /cm sec®C '

Enthalpy of AH" = -563 cal/g ~ atom  Enthalpies of melting 17. Z. Metallkde, 55,
Formation was determined by 97 (1964),

quantitative differential
thermal analysis.
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Properties of Intermetatlic Compound InBi
Property Description Comments Reference
Entropy of Formation 4AS" =0.26 The value of 45" is very low as 18, Same as ref. 16.

cal /g - atom°C

compared to AS ideal” which in-

dicates an ordered arrangement of
the atoms in the lattice

Coordination number  (a) 8

(b) 4

{a) Number of neighbors in first 19.

coordination shell
(b) Number of close neighbors

Same as ref, 2.

L
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TABLF. VI
PROPERTIES OF INTERMETALLIC COMPOUND IngBi
Property Description Comments Reference
Melting Point 8y.0°C (a) Peritectic reaction o + InBi - 1. Trans. Am. Soc. Metals
cooling In, Bi (ref. 1). 41, 947 (1949).
(k) Later it was reported that 2. Growth and Imperfections
compound melts congruently of Metallic Crystals, Eds
(ref. 2) D.E.Ovsienko Consul -
tant Bureau (1968) p. 47.
Crystal Structure Hexagonal Holohedral class 3. Sou. Phys. Cryst, 3,
Symmetry Dep . Structure of the 3 (1958). -
a =5.496 A Ni;ln ')'pe
c=6.579 &
¢/a=1.197
Srce Group P63/mmc
Electrical p=2.4x 107" Results suggested that at mp the 4. Phys. Metals and
Resistivity ohm em In and Bi atoms are in exactly Metallogr, 14, 132
(at the melt- the same positions as in the (1962).
ing point) solid state.
Hall Coefficient R =-4,6em/°C . Soviet Phys. Solid ]

(Molten State)

expt

Mobility up =1.80

Re (theoretical em?®/V . sec

=-5.0em®/C
Rﬁ,=o.92

State, 8, 2950 (1947). -

Superconducting

c

T =5.6+0.1°%
C —

. Phys, Rev.,, 113, 1520

(1959)

Superconducting
Energy Gap

(3.4 40.2) kT_

Determined by ultrasonic
attenuation method,

. J. Appl. Phys., 25,

3322 (1964).

%
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Properties of Intermetallic Compound IngBi
Property Description Comments Reference
Debye Temperature OD = 80°K Determined by specific heat measure~ 8, Same as 7.
ments, assuming the electronic contri-
T bution to be small and considering
p_c =0.07 only acoustic modes of vibrution
D
Phase diagram Three stable phases have been 9. Same as 1.
reported. Reports a 3% HCI 10. Trans. Metallurgicai
solution in water used as an Society of AIME, 239,
etchant for alloys of In and Bi 883, (1967).
concentrotions range 30 to 33%8i. 11. AIME Trans, 171, 389
(1971).
Thermal Conductivity  0.025 at 90°C The conductivity isotherm exhibit 12, Z. Metallkde, 57,
in Cal/cm sec®C a minimum at the concentration of 76, (1966).
InzBi phase. This indicates exis-
tence of relation between liquid
and solid state.
Enthalpy of Formation 4H" = -222.0 Enthalpy of melting was determined 13. Z. Metallkde, 55,
cal /g—atom by quantitative differntial thermal 97 (1964)
aralysis.
Entropy of Formation ~ 45" =0.7 cal/g- & Sideo| =1.26 cal/g - atom € 14. Same as 13.
0,
atom °C is of the same order of magnitude os
experimental’
which indicates o statistical distri-
bution of atoms in the crystal lattice
is expected.
NMR Studies Knight shift IngBi atomic grouping persists in 15. Advances in Ph,;.,
{(molten alloy) data is presented  liquid state. 16, 275 (1967).
Kinematic v =0,85 centi Marked increase of kinematic 16. Phys. Metals and
Viscosity stokes viscosity was observed between 120°C Metallogr, 14, 132
to crystallization temperature. These (1962). -
results suggest that at mp the In and 17. Soviet Phys. Sol.
Bi atoms in In,Bi are exactly in same State, 7, 1780 (1966).
position as in the solid state -
Coordination Number 11 to 14, Number of Neighbors in first coorina=  18. Same as 10.

tion shell,
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TABLE VII
PROPERTIES OF INTERMETALLIC COMPOUND Ins Bi,
Property Description Comments Reference
Melt. ng puint ~ 89°C (a} Melts congruently with an 1. Trans, Metailurgr.

open melting point maximum,
slightly above 89.0°C.

{b) Later it was reported that it
formed peritectically.

Soc. AIME, 239, 883

(1967).

. Phys. Letters, 32A,

295, (1970).

Crystal Structure Tatrogonal | Large tetragonal unit cell. 3. Zeit. Kntst, 128,
0=8.544 » Structure like Crg Ba type 277 (1969}
c=12.68 A {Tz). Axial ratio smallest for
c/a =1.484, CrgBa structure, 32 atoms per

Space group 14/mem unit cell,

Residual Resistance 75 Residual resistivity at 4.2°K 4. Some as 2.

Ratio 4

was measured by field dependence

03900 K of electrical resistance. Behaves

Pe.2%K metallic.

Hall Coefficient 3.0 at 298°K Hall coefficients positive for 5. Same os 2.

R ~ 3 17.3 at 4,2°K whole temperature range and

H10™ em/c) almost constant above 200°K.

Cheracteristic 70 +5°K Using 2 Gruneisen-Bloch 6. Same a8 2.

Temperature OR function.

Superconducting 4,2°K (@) Temperature voriation of 7. Some as 2.

T resistivity (ref. 7).
¢ (b) InBi, alloys show two 8. J. Less Common
transitions 5.6 and 4.1°K. Metals, 11, 295,
(1966)

Phase Diagram Tirst detecred in 1966 and later 9. Same os 1 and 8
studied ir. 1967. 1t lies between 11964).
In, Bi and InBi concentration
range 37.5% Bi.

Coordinati m Lumber 9 to 14 Number of neighbors in first 10. Same cx 1.

coordination shell,

Ginzburg - Landau Consequently Ing Bia represents 11. Some as 2.

Parameter K 26 o type Il superconductor

e s AN R Gorie Rl
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1.A.3. InBi and !njgi WHISKER CRYSTAL GROWTH

A good supply of crystal "dry run" samples was needed as the task of charccter-
izing InBi, which was to be solidified on the Apollo 14 mission, was undertaken. Al-
though both the Bridgman ond Czochralski techniques were being used (see Part A,1.1)
to produce large (up to 2 cm diameter) crystals, there was an obvious necd for a less
expensive source of hundreds of oriented single =rystals. Single crystal whiskers fit
that description; however, there was no information in the literature on IrBi whiskers.
Although numerous techniques for whisker growth are known, the squeeze technique,
which works well for other soft, low-melting point metals, was tried first, At that
time, no compound had ever been grown by this "squeeze technique." Our first
attempt was successful and whisker samples were immediately used in generating InBi
X -ray patterns which would later serve useful in characterization. Whiskers, with
thair long thin dimension pointing in a low index crystallographic direction, are
ideally suited for rotating crystal X -ray analysis.

Whiskers were also us<d to measure InBi and InBi resistiviry and its dependence
on strain.

Since this is the first time the "squeeze technique" has been used to grow com-

pound whiskers, the results were published o a "Letter" in Applied Physics Letters,

Vol. 19, #7, p. 220, Oclobsr 1, 1971, indicating that the results were especially
"timely and/or important." A copy of the manuscript is included in Appendix V.
Since our lh,Bi whiskers grew much faster thon InBi whiskers, they were ob-

served, investigated and reportea first. The growth and properties of InBi whiskers
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§ were reported in a later article, "Growth and Morphology of InBi Whisker Crysials, "
:g J. Crystal Growth, Vol. 16, 1972, which is attached as Appendix VII. An unsalaried
‘!’f graduate student, Mr. James Huckle, provided rhe X-ray analysis of the whiskers
6 which was used as his thesis subject.
1.A.4. HIGH ANISOTROPIC THERMAL EXPANSION DISCOVERED IN InBi
As discussed under 1.A,2., Electrical Measurements in InBi Crystals, poly-
crystalline samples of InBi developed fine cracks and fractures unde: thermal cycling
from 300 to 77°K. This fracturing was attributed to highly anisotropic thermal
: expansion coefficients of InBi in cur article, "The Effect of Thermal Cycling on the
;, Resistance and Morphology of InBi Single Crystals and Polycrystals," Journal of Less
*: Common Metals, Vol. 27, p. 367, 1972, which is enclosed as Appendix VI.
T The linear thermal expansion coefficients o, and o, are defined as follows:
£ _ 1 fde,
] o H(5)

: v = dt
no T\ dT

£ is the length of the crystal parallel to the 4-fold axis and ¢  is a length of the

‘;2 crystal measured perpendicular to the 4~fold axis. T is temperature,

Since the above publication, c* - measurements of o and o, the thermal

expansion coefficient perpendicular and parallel, respectively, to the InBi C axis,

were carried out by an unsalaried graduate student (Mr. Timothy White) as part of

‘6"""{» “n .
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his M.S. thesis. His results have greatly exceeded our expectctions: we were expect-

ing only that o is not equal to @, . He octually found that o is large and negative.

He also found that o ! and o have opposite signs and are both extremely large and

increase in magnitude with increasing temperature. The following preliminary values

were found at 50°C.
o ~60/°C

1

o, ® -100/°c

These o's are unusual in comparison with other a's in the American Institute of Physics

Handbook. (1) The magnitude of the «'s is about an order of magnitude larger than the
average a. (2) Only one material in ten has a negative o. (3) @ is about 100 times
larger than the other negative o's listed in the above handbook.

Conclusions: Care must be exercised in the use of materials or alloys containing
polycrystalline InBi in situations involving temperature changes. Because of the above

fracturing, InBi polycrystals should not be characterized using any cryogenic technique

such as residual resistivity or superconductivity measurements,  For example, the

three times oo large InBi resistivity found by the University of California Group

(J. Phy. Chem. Sol. 25, 1277, 1964) is probably due to their subjecting polycrystalline !

InBi to cryogenic temperatures.



e

Y S X

e

64
I. 8. BiSMUTH SINGLE CRYSTALS

1.8.1. GROWTH AND ETCHING OF BISMUTH SINGLE CRYSTALS *

In support of a soft mold Bridgman experiment that was proposed for flight on
Apollo 16 by Mr. Mirt Davidson (S&E-SSL-T), a similar study as described for InBi (I1.A.1.)
was performed on bismuth.

Since bismuth was the material that was used by Bridgman to establish the growth
technique named after him and in the following, a series of articles on growth ! *'° and
etching’-+*® of bismuth single crystals has been published, no development was required
and only little experimentation was needed to establish growth and etching procedures.

Large single crystals (up to 20 cm length and 2 cm dia.) were grown in Pyrex and
carbon powder molds. Samples were given to Dr. U. Roy (UAH) and to SSL for their
studies.

Etching was generally done on cleavage planes (111); on these planes the pits have

trigonal or pseudohexagonal symmetry. The pit geometry can be used to determine crystalio-

graphic directions within the planes.

Etchants employed are as follows:

(1) Concentrated HCI, etching time 5 ~ 15 min at TR.

(2) Tartaric acid (40%): H2O,(30%): H,O = é:1:1 (by volume)

(3) Methanol plus 1 part iodine

Best results were obtained with the methanol /iodine solution. Etching time was
10 to 30 seconds at room temperature. Chemical polishing was best done with a solution

consisting of 6 parts HNO, (68%), 6 parts acetic acid (50%) and 1 part H,O at room

temperature.

*In charge: H. U. Walter
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1.B.2. ELECTRICAL MEASUREMENTS ON BISMUTH CRYSTALS*

Studies on the characterization of bismuth single crystals were initiated during
the summer of 1971. It was proposed to grow bismuth, a typical semi-metal, in
space environment during the flyback mission of Apollo 16. The work mentioned
here concerns itself with the electrical resistivity measurements to identify the role
of O-gravity in the crystal growth process

The electrical techniques used for such measurements were the same as mentioned in
Part 1.A.2. Some samples were studied by four-point technique also for quick estimate
of resistivity values.

Bismuth has a rhombohedral crystal structure which has been described by three
different unit cells. The primitive cell contains two atoms. Precise measurement of
lattice parameters have been made by Barrett.! The physical properties of bismuth
are highly anisotropic ond far from what one might expect from an almost cubic
steucture. It is probable that atoms in a layer perpendicular to the trigonal axis
are held together by mostly covalent bonds and that these layers are weakly held
together by Van der Waal's forres. Single crystals can be cleaved in this plane

(111) much more easily than in any other.

Resistivity of Bi Samples Supplied by SSL

The resistivities of three samples supplied by SSL were measured by the four~
probe technique at room and liquid nitrogen temperatures. All the samples used were
cleaved aloi  (111) plane. The values reported are not the absolute values because the
surfaces of the samples were not polished or specially made for such measurements. The
values reported herein can be used as a comparison between different crystals of bismuth
with different amounts of impurities.

*Person in charge - R. B. Lal.
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SAMPLE NO. 1 (Alfa Ventron crystal 99.999+% pure)

Room temperature value of resistivity p2er = 112 micro ohm em.

Liquid nitrogen value of resistivity pao 21 micro ohm ¢cm.

The above values of resistivities are corrected for thickness according to Valdes*

Part I.A. The above values of resistivities are slightly lower than the reported values

for ultra pure bismuth crystals.?

SAMPLE NO. 18.

Room temperature value of resistivity p .o =142 micro ohm cm.

Liquid nitrogen temperature resistivity g0 =271 ‘micro ohm cm.

SAMPLE No. 17.

Room temperature value of resistivity Pgg- =144 micro ohm cm.
Liquid nitrogen temperature resistivity pg, =235 micro ohm cm.

The resistivities of samples 17 and 18 increased to almost double when the samples
were cooled down to 80°K. This indicates that the samples have negative temperature
coefficients. This is not surprising, since small amounts of lead produce humps in the
resistance curve and it passes through a maximum, the position of which moves to lower
temperature as the lead content is decreased,  For these samples, the room temperature

and LN, temperature values correspond to the values reported by Thompson® far

lead impurity of 0.2%. It is likely that these samples contain lead impurity of about

0.2%.

Resistivity of Bismuth Cast Samples and Single Crystals

a. Cast sample

A crystal of bismuth was cast (No. 2) from 99.999% purity bismuth using a graphite
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mold. The resistivity of this sample was measured at room temperature, 77°K and

4.2°% using a glass helium dewar and a specially designed teflon crystal holder (report-

ed in Part ILA.2.). The resistivity of the sample at the above three temperatures is

given in Fig. 1. This sample has a residual resistivity ratio %?:2.52- =22. The sample

comes back to initial room temperature resistivity value atter cooling down to 4.2°K.

The resistivity ratio of this sample is very low compared to the reported ratio for single
crystals Pag. - 290, ref 5, Part 1.A.2. The measured value for the cast sample compares

Peea
with the value reported by White and Wood . ¢

b. Single Crystal (Alfa Ventron supplied by SSL)

A single crystal of bismuth obtained from Alfa Ventron Company was supplied by
SSL. The crystal was cleaved at LN: temperature along (111) plane. A required shape
of a rectangle was cut. Crystal dimensions were measured using a travelling mic-oscope.
The crystal (No. 3) was mounted on an Al O3 substrate, soldered contacts were made for
current leads, and silver paint was used for potential probe.
with a travelling microscope taking the center distance from the silver paint area. The
resistivity was measured at RT, 77°K and at 4.2°K. The results are given in Fig. 2. The
sainple has a residual resistivity ratio -Z-i-?—':— =34, It is surprising that the sample has only
a ratio of 34, although the initial purity of the sample was 99.999 +%. The low resistivity
ratio for this sample may be due to the possibility that the sample has been damaged during
the cleaving and cutting processes.,

Also, resistivity was measured on a sample (No. 4) from the same crystal, but the

cleavage steps were removed by scraping with a knife. Such a sample gave only a residual

resistivity ratio of 26. Results are given in Fig. 3. It is apparent that more damage was
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done to the sample during scraping with a knife and, in turn, a lower value of
resistivity ratio was obtained. At this stage it is difficult to say how much

of the resistivity is due to damage. Since the residual resistivity (po) values for the
two crystals (No. 3 and 4) are different (2.8 x 10°° ohm ecm and 4.2 x 107 ohm cm
it appears that the increased value of p, for sample No. 4 may be due to the structural
damage, because at liquid helium temperature, the residual resistivity is assumed to be
due solely to chemical and physical imperfections. Since samples No. 3 and No. 4
have similar amounts of chemical impurities, it can be understood that part of the re-

sisitivity in sample No. 4 may be due to physical imperfections.

Resistivity of Bismuth Crystals (Effect of Annealing)

Resistivity has been measured on four different crystals of bismuth (Alfa Ventron
crystals). Two crystals, Nos. 5 and 6 (similar to Nos. 3 and 4), were chemically
polished and annealed at 240°C in a vacuum for two hours. The resistivity was measured
at room temperature, 77°K and 4.2°K. Also, crystal No. 4 (reported earlier) was chemi-
cally polished and its residual resistivity ratio was measured again. Results are given
in Table I. After annealing, the ratio %34-"3? for crystals 5 and 6 (similar to 2 and 3) in-
creased to 133 and 216 from the previous value of 26 and 34. It appears that by anneal -
ing, certain defects were annealed out and this, in turn, gave a higher value of resistivity

ratio. Sample No. 4, which was just chemically polished, did not have any significant

change in the residual resistivity ratio.
Etch pit counts were made at SSL and at UAH for crystal No. 6 before and after
cutting into the shape of u rectangle. The dislocation density/em” was found to be

2 x 10° and 1.2 x 107, respectively,
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Afte, annealing at 240°C in vacuum, crystals were analyzed under a metallurgical
microscope. One of the crystals was found to contain large single grain boundaries.
Some areas of the crystal were found to have a high dislocation density as compared
to that before annealing, while many areos were found to have lower dislocation
density values, In further experiments lower annealing temperatures were tried
to anneal out the damage.

A rectangular shaped bismuth crystal (¥ 8) wes cut from a cleaved piece (also
scraped to remove cleavage steps) of a Ventron single crystal. The crystal dimensions
were measured with a travelling microscope. Before any leads were put on the sample,
the dislocation density was measured by the etch pit count method. The average value
of dislocation density on (111) surface was found to be 5 x 10”/em” . A similar crystal
from the same batch has been found to have a residual resistivity ratio —r;—:-if = 26.
The above crystal (#8) was then annealed for 1 hour at 80°C in a vacuum of 2 x 107*
Torr. The dislocation density was agoin measurcd and found to be 2.2 x 10' /em™ .

The residual resistiviry ratio was measured for this crystal using a specially designed
crystel holder. The ratio D—D?f; was found to be equal 10 58. This indicates that anneal-
ing at 80°C could remove sonr: strictural defects which gave a higher resistivity ratio.
The above sample was again annealed at 140°C and the dislocation density count was
found to be equal to 1.9 x 12%/ecm®. No significant change in the residual re:istivity
could be detected for thic crvstal. No grain boundaries were observed after the anneal~
ing process.

. o - -
From the above results it can be concluded that 140°C is an optimum temperature

for annealing bismuth crystals before producing any large angle groin boundaries. The
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resistivity of bismuth shows metallic behavior in that it dec-eases almost linearly

with decreasing temperature until impurity scattering dom. \ates. With the purest
samples (about 99.9999% pure) the residual resistance become: important at liquid
helium temperature. A qualitative estimate of structural damage can be made by
measu.ement of residual resistivity ratios; Otake © has shown that a correlation

can be made between dislocation density measurements and the resistis* , of the
sample. Since the material deforms and cleaves easily, care must be taken in cutting
samples. A thin, fine grit, high speed abrasive whee! may be used if cutting rates

of less than one inch per hour are used, but cutting with o stri. _ saw is preferable.

Table for Properties of Bismuth

During the course of the above work the atiached Table No. 2 was compilid which lists

important properties of bismuth.

e A o WA DS A I SN i Tk A s M AN At w



sk e Ch W

7
g R,

A

L T
LR

.“

TABLE 11

PROPERTIES OF BISMUTH (8i)
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r COMMENTS

Atomic rodius = 1,70 4
Covalent radius = 1.46 A
Elec: unegativity = 1.9
Heat of vaporization
= 42.7 Kg - zal/g-
atom at boiling
point
Heat of fusion =2.6 Kg -
cal/g - atom

PROPERTY DESCRIPTION REFERENCE
Basic Atomic no. =83 1) E. H. Sargent Co.
parameters Atomic weight = 208,980 Table

Melting point

Boiling point

MANLC or
544,16° K

1560° C

2) American Institute
of Physics Hand-
book, McGraw Hill
Co., N. Y. (1963}

Crystai
Sfrgcture at
25°C

Rhombohedl:ol
a=4.546 A
c=11.862 &
Type A7

Interatomic distance

is equal t> 11.862 i
Each atom has three
nearest neighbors. The
structure consists of two
interpenetrating face
centered sublattices,
nearly cubic, one sub-
lattice being slightly
displaced from the mid
edge position of other

3) Acta. Cryst, 15,
865, (1952)

Space group

4) Structure of Metals
McGraw Hiil, N.Y.,
1966, p. 626.

—t

Dersity g
per em®

9.803 at
25° ¢

5) Same as ref 4.

Electr zai
resistivity in
1 ohm cm.

Pr - 9.7
Dy

0 =116 at 295° K

mean
p, =138 at 293° K
py = 109

a) The mean value is
related to poly-

crystalline sariple
b) In'ref 7, the cnfthors

measured the tempera-
ture dependence of

electrical conductivity
from 80° K to 540° K.

The dependence was

cal fomula is given.

non-linear. An emperi 4

6) Electrical Resistance
of Metals, ed. George
Meaden, Pienum Press
N.Y. (1965) p 55

7) Sov. Phys. Sol. State,
7, 633, (1965).
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PROPERTY DESCRIPTION COMMENTS REFERENCE
Resistance ratio | 1) rao: 200 a) 8) Trans. Metall.
Ce.2 ' Soc. of AIME,

230, 340, (1964)

9) J- Ph)'s- (D)I Zl
753, (1969).

Crystal growth
technique

1) Rapid freeze

2) Directional
freezing

3) Spherical cr; stal
in Pyrex mold

4) Flexible mold

a) Residual resistivity

ratio foo/Pa.a
> 200

b) Single erystal of
diameter 75 mm and
180 mm of length
are grown

c) Crystal of 25 mm

diameter were grown.

d) Dislocation density
~ 10* cm ?

10) Same as ref 8,

11} Phys. Stat. Sol.,
9, 839, (1965).

12) J. Less Common
Metcls, 20, 67,
(1970).

13) Phys. Metal,
Mettalgr, 21,
147, (1966)

14) J. Crys. Growth,
6, 352, (1970).

The density of the melt
close to the melting
point, is higher than
density of the crystalline
phase.

15) Kristallografia
5, 154, (1960).

16) Phys. Rev, 1o,
314 (1958),

17) Phys. Rev, 131,
632, (1963).

- Phasediagram
Pressure ~
v temperature
3:,
4
&

Superconduc-

tivity

1) Amorzihous Bismuth
(films at 1.5° K)
is a strong coupl -
ing supe conductor
withT =6.17

+.03%K

2) Under high pressure

possessés crystal modi 1

fication and is super-
conducting

T, =3.9 a1 25 Kb
T.= 7.2°K at 27 Kb

18) Phys. Letters, 25A |
679, (1967 .

19) Same as ref, 6,
p. 57.

[ 2 T
W e,

¥ gtgw T

Paye a

g Lo



o

Rt i,

78
Properties of Bismuth (Bi)
PROPERTY DESCRIPTIOMN COMMENTS REFERENCE
Hall Coefficient| R, (polycr stalline) 20) Ind. J. Fure
H - 1.t _]078 lo"‘ll Appi. PhYS. _2_
T Al To x 349, (1964)

V-c~"/omp - Maxwell

i (Hall mobility) = 3200 to
" 8700 cm® V=sec

R,, and R, for pure bismuth
are both negative (ref 21)

According to Jain and
Koenig (ref 22) R is
positive and R is nega-
tive.

21) J. Phys Soc.
Japan 17, 1900,
{1962)

22) Phys. Rev., 127,
442, (1962)

Debye
Temperature

Specific Heat

6 = 120° K below 2° K
8 =95° K at 10° K

8 =150° K ot RT
Sp Heat - 0.034 co/a/DC

23) Progress in Semi-
conductors, 7, i,
(1963)

24) Can. J. Res.,
A;Z_?, 9, (1949).

Thermal
Expansion

a, = 16.5x 10° °

a, =12.4x 10

C‘l
C-l

+ O

The notation o, and
a, refers to expansion
parallel and perpendi-
cuiar to the triogonal

axis.

The volume of bismuth
contracts 3.5 percent

upon melting.

25) Same as 23

Elastic
Constants

K, =17x 107" cm®/dyne
Ky =6.5x 107" cm?/dyne

Rhombhedral structure
of bismuth requires six
independent elastic
constants. The dis-
crepancies between
theoretical and expt.
individual elastic
constant is beyond
expt. error. Linear
compressibilities agrees.

26) Same as 23

Thermal
Conductivity

K, =0.054 W em 'K

K, =.093Wem™ K™
at room temp.

a) Thermal conduc.ivity
was measured from

25° C 1o 150°C

27) Same as 23

28) Phil. Mag, 3,
342, (1958).
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PROPERTY

DESCRIPTION

COMMENTS

REFERENCE

Thermal
Conductivity
(Contd)

K= .041 cg|/cmo C
at 3007 C.

b) White and Wood
(ref 28) have shown
that lattice contri-
bution dominates the
electronic below
150°C. Thermal con
ductivity has 1 /T
tempture dgpendence
to about 5 K

(g]
~

Later it was re-
ported that there is

a sizable additional
term in the electronic
thermal conductivity
due to bipolar diffu~
sion. Between 100° K
and 300° K thermal
conduction by elec-
trons and holes is the
dominant mechanism

(ref 29).

29) 1. Apal. Phys.,
34, 144 (1963)

Magnetic
Susceptibility

X = -155 and ~133x 1077
c.g.s. emuat
85 K and ot 300 K.

x =143 x 1077

1
c.g.s. emy at

300~ K

v =100x 1077
" c.g.s. emu at

300°

x - values are for poly-
crystalline material.

The temperature varia-
tion of y is quite large.

30) Theory of Metals
(Cambridge Univ.
Press, London),
© 33, p. 169.

Magnetostriction

In a field of 250 K
gauss along the tri-
gonal axis, increase
in length by a facror
of 2x 107 H1 1o
trigonal axis length
decreased by a ‘ac-
tor of 2 x 1075,

In both cases, the
change in length was
measured along the
direction of field.
At low fields, the
change of length

was proportional

to HZ for both

orientation.

31) Proc. Roy Soc.
A135, 537, (1932)
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Properties of Bismuth (Bi) 80
PROPERTY DESCRIPTION COMMENTS REFERENCE
Chemical 6 parts fuming HNO ., Imme-~ion times of 32) J. Appl. Phys.
Polishing 6 parts glacial acetic 1 -5 minutes are 30, 234, (1959).
acid and 1 part water used and removal rate (quoted in ref.
is 107" in/min 23)
Electro- Soln consisting of 35 g Cur.ent density of 33) Phys. Rev., 115
polishing potassium iodide, 1 g 1A/cm”®. Best re- 1501, (1959).
iodine, and 10 cc sults are obtained
hydrochloric acid dis- using polishing
solved in 200 cc of perioc’ of 1 min
water, during which
approx | mil of
material is re-
moved. The
sample must be
dipped in HCl to
remove g water
insoluble film which
accumuiates and
then rinsed in dis-
tilled water and/or
alcohol .
Etchant 1) 1 percent iodine a) Etching time of 34) Same as ref. 23,

in m- :hyl alcohol
after polishing

2) Conc Hydro-
chloric acid

approx. 15 sec.
This is also use-
ful for showing
grain boundaries
in polycrystalline
material .

b) Different etching
time and tempera-
tures were used,
Can be used to
etch preferen-
tially different
crystallographical
planes.

35) 4. Appl. Phys,
41, 1862, (1970)
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REFERENCES
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1.C. GaAs CHARACTERIZATION r OR ey wr 0550

1. SURFACE PREPARATION AND DISLOCATION ETCH PITS ON SINGLE

CRYSTALS OF GaAs *

In support of the approved experiment M555 for Skylab on diffusion con~
trolled solution growth of epitaxial films of gallium arsenide, literature on de-
termination of dislocation densities by etch pits on single crystals of GaAs was
surveyed. The various reported techniques in preparing the surfaces mechani -
cally and chemically and finally etching techniques have been studied for (111),
(100) and (110) surfaces. The following is an outline of our findings and recommen-

dations fo: surface preparation and etching.

Mechanical Polishing and Lapping

Afier cutting with a diamond saw, which is a generally acceptad procedure for
GoAs, mechanical polishing with 600 grit SiC paper followed by lapping with 0.3
micron Al, O,/H, O suspension yields excellent results. Ca e should be taken to re~
move all scratches originating from the 600 grit SiC polishing by lapping. Such tracks
would show up later as lines of etch pits, indicating dislocations arising from mechani-
cal damage of the crystals.

The depth of the damagea layer is relatively low for GaAs. Compared with
other III-V compounds such as InSb, InAs, GaSb, gallium arsenide has a high hardness.
The depth of the damage layer was studied by Gatos,;*? for abrasive particle sizes of
10, 20, 45 u, the laye: thickness is 3, 4, 8 pon (111) and 6, 9, 14 pwon (111) sur-
faces, respectively.

Chemical Polishing

The damaged surface layer has ta be removed by chemical means. Flat sur-

faces obtained by lapping tend to become rounded and somewhat wavy; chemical

*Investigator in charge: H. U. Walter
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polishing time should, therefore, be minimized. After lapping with a 0.3 micron
Al O, suspension, 3 - 5 seconds of chemical polishing is sufficient to remove the
damage layer and results in sufficiently flat surfaces.

Chemical polishing by rubbing the sample against a felt cloth soaked with a
chemical polishing solution was tried the samples become somewhat lens-shaped,
waviness of the surfaces is reduced.

Different crystallographic planes require different reagents for nondiscrimi -
nate etching. The following solutions and procedures have been reported:

Cryst. Plane Etchant and Procedure Reference
(1 HF:HNC ,H,O = 1:1:1 1
(1:1'1'), (100), (110) HCL:HNO ,:H50 = 3:1:2 ]
Polycrystalline, (111) Only mechanical (M7 powder) 2
(111), (IT11), (100), (110)  Only mechanical polishing (3200

mesh Alundum) 3
(nmn, aimn HF:HNO ,:H,O = 1:3:2 4,5

(1, (I, (100), (110)  H.50,:H.0,(30%):H,O =3:1:1 3 min, hot 6

All faces: NaOC! - H,O 7
(100) Br,:CH.COOH = 1:4 T )

) 8
(111 H.PO:HNO, =49:11  60°C )

Modifications of these approacher have been applied by a series of investiga-
tors. We have found that the solutions reported by Grabmaier end Watson (8) yield
very good results. Both (111) and (111) GaAs surfaces are polished in a HPO,:HNO , =
49:11 solution at 60°C (10-30 sec.) and (100) and (110) surfaces are polished in a

Bra:CH.COOH = 1:4 solution at room temperature within 5 - 10 seconds.

1
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Etching

For Il = V compounds with Zinkblende structure (space group F 43m) that
do not have an inversion center, etching imposes more of a problem but is also
more revealing than it is for materials that do not have polar structures. Certain
planes are composed entirely of group 111 or group V atoms. Mast importantly, the
{111} planes are split into two groups, (111), (Tl_l), (l-l-l) and (117) exposing
only group V atoms and I, (), (111) and () exposing only group III atoms
at the surface. {100} surfaces consist of both group 11l and group V atoms, there is

only one type of {1007, this is similarly so for {110} surfaces.

Of the various approaches to reveal dislocations, chemical etching has been
applied for GaAs rather exclusively. The following table gives a summary of basic
chemical etchant procedures for GaAs. We have found that the best reproducible and
interpretable results are obtained by etching in potassium hydroxide melt -
at slightly higher temperatures, 350°C rather than 300 as indicated in ref. 8. Photo-
graphs of various types of etch pits on different crystallographic planes are shown
in Fig, 1 = 5. The dislocation densities of the seed crystals used by Westinghouse
were between 1,10% to 6.10°/em*. Orientation of the GoAs wafers was done by
back reflection Laue, some experimentation with Berg-Barrett technique was
initiated and topographs were obtained. Since our X ~ray source was not well
svited to Berg-Barrett studies, the quality of the micrographs was relatively poor.

A microfocus X~=ray tube with Ag~target was then chtained by SSL, the use of which

will allow us to perfect our Berg-Barrett studies. To enable us to study dislocation

B
.
*
’%
]
i



Fig.

(a) Pits an? hillcocks on epitaxial GoAs grown from gollium
solution in the Westinghouse M=555 growth tube. Orienta-
tion of substrate (100). Magnification: 100.
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Fig. 1. (b) Cracks or GaAs (111) wafer caused by freezing liquid
gallium with one side of the wafer immersed. A possible
accurrence with M=555 due to zomparable seed-melt
arrangement,

86




Fig. 2. Etch pits obtcined by etching in KOH melt (3500C,
10 min) on (111) (Dewalt nomenclature). Pits have
pseudohexogonal symmetry crystallographic direc-
tions 110”7 and " 1121 are indicated in the photo=

graph. Magnification 600X.
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Fig.

i

Etch pits on (100), KOH etch L3‘0 C, 10 min).
Crystallographic directions [110] and [1io)

are indicated.
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Fig. 5. Etch pits on (100), Richardson-Crocker etch, dis-
location density 4,10% /em®.




Cryst. Plane
(111), (100), (110)

polycrystaliine, (111}

(111), (111), (100)

(1, (M)

(111)
(1)
()
(1)
(1

(i, (11)

(1M, (1)

(111), (111), (100), (110)

(1, (1

(1), (111), (100)
(111}

¥

Etchant

HNO,: H,O =1:2 (15 Min, Tg)

HzOg:HF:H,O = 1:1:2 (10 - 20 Min, Tp)

5% NaOH:HzO, =5:1 (boiling)

H;O,: HF:H,O = 1:1:4 )
HNO .: tartaric acid = 3:1 )
HNO.: HCl: H,0 =1:1:2 )
H3Oa: NaOH = 3:1 )

HNO .: HzO = 1:3 )
HF: HNO, = 1.7 ;
HF: HNO4: HzO = 1:3:0 -4 )
HCI: HNO 5 HzO = 3:1:2
Hp5Oa: Ho0 4 (30%): Ho0 = 3:1:1

NOOH(S%):H202 (300/0) = 5:]

KOH-6g, K.[Fe(CN). ] -4g, 50 ml H,O

HNO .: H,O =1:3

Schell's etchant plus inhibitors:
1) Butylamine 0.5%
2) AgNO ,:0.5%

H,0: HF: HNO, =5:2:3
plus 2.4 x 107" molar solution

of AgNO ., as inhibitor

2ml H,O, 8 mg AgNO,, 1 gCrO,
1 ml HF

Schell's etchant plus inhibitors:
1) Amylamine
2) AgNO,

KOH (350°C, 30 Min)

0.2 N Fe®*in 6N HCI (10 Min, 82°C)

) (5 - 30 Min, Tp)
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density and distribution of dislocations in the bulk of a wafer, we have proposed
for SSL to obtain a Lang camera, which will enhance our capabilities in crystal

characterization in terms of structural perfection. (See Appendix XI)
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1.C.2. OHMIC CONTACTS ON GaAs {100} and { 1111} *

Electrical characterization of GaAs generally requires reliable, ohmic, low
resistance contacts to be made on the crystal surface. The contact area has to be
defined and small as compared to the contact distances. Pressure contacts are not
suitable for GaAs and high frequency electrical characterization that avoids the
use of ccntacts is not yet well established.

In support of DC electrical characterization, our goal was to provide samples
with suitable contacts for resistivity and Hall measurements. We have established
a new technique for making contacts that are ohmic to temperatures as low as liquid
helium temperature by alloying an In-Pt alloy to extremely carefully prepared sur-
faces of GaAs under high vacuum conditions. Since GaAs has a technological
potential as a device material for Gunn mode oscillators, amplifiers, switching
devices, etc. for which low resistance ohmic contacts are a basic requirement, sur
results do have meaning other than for electrical characterization only.

A frequently applied approach to form metallic contacts on GaAs is to mask
part of the surface and to vapor deposit a metallic film (e.g.In). Following heat

treatment is applied to diffuse into the surface and to form a contact. A series of

,,:35'4?" b oF AR %“%l“ L

experiments were done by this approach, the results were generally unsatisfactory.
Both deposition on heated substrates and subsequent heat treatment at various
temperatures were tried.f The contact resistance was in the order of K 2 up to
infinite and nonohmic.

A different approach that has been used by other investigators involves alloying

of tin, indium and gold and combinations thereof to the surfaces. Applying these

e~ S

*In charge: H, U. Walter
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techniques yielded nonreproducible coniacts; we have been searching for a
better alloy combinaticr wd procedure.

It was found that a platinum=-indium alloy that was alloyed under high vacuum
conditions to carefully prepared surfaces gave excellent results. By varying platinum
content, alloying time and alloying temperature (at a vacuum of ~ 1077 torr), optimal
concentration and conditions were established. To verify that the C~V plots were linear
within the temperature range of the electrical measurements, the cuirent voltage piots
were monitored with a curve tracer at room temperature and liquid nitrogen temperature.
To minimize passivation of all surfaces involved, all operations and preparations were
carried out under pure methanol. Fresh indium surfaces were produced by cutting
indium ribbons unde: alcohol. Alloying of platinum with indium was done in high
vacuum at ~ 600°C. 8 - 10 wt % Pt in In was determined to be optimal alloy compo-
sition (close to saturation). Surface preparation of Gahs surfaces prior to alloying
was found to be most critical. The following procedure was established.

1. Boil in acetone 5 min.
2. Boil in ethanol 5 min.

(100) Br/Acetic Acid 1:4 at TR
(111) Br/Methanol  1:4 at TR

3. Polish in
4, Boil in distilled HzO, 3 successive boils, 2 min. each.
5. Boil in acetone 5 min,

6. Boil in ethanol 5 min.
7

Decant intc cool ethanol and store until reaay for use. Sample must
not be prepared more than 2 - 3 hours before contact alioying.

8. Contact alloying.
a. Place In/Pt chips on surface, evacuate to 107" torr.
b. Soak at 125°C for 5 min.

) .
c. Heat to 350°C, hold for 2 - 3 min. and allow to cool to room
temperature before withdrawing from vacuum.

S e
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Excellent, perfectly ohmic contacts with contact resistance of about 0.5 =1 & (in=-
cluding sample) could be prepared r producibly by this procedure. An example of

four contacts is shown in Fig. 1.

Fig. 1. Current-voltage plots of
electrical contacts on GaAs,
Ordinate: 10 ma/Div.
Abscissa: .01 V/Div,

Resistance about .5 (I each.

Samples with four or six contacts were prepared from wafers obtained from
Westinghouse Electric Corporation, Wacker Chemie and Ventron. There was no
problem encountered to reproducibly form contacts on these substrates by our tech=
nique. Samples were used for electrical characterization between Tp and liquid

helium temperature by Dr. R, B. Lal and by SSL-T personnel for their studies.
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1.C.3. POSSIBLE OPTICAL MAPPING TECHNIQUES

a. Method of Mapping GaAs Homogeneity by Photoluminescence *

Fabre ! has used scanning photoluminescence technique at 4.2°K for investi-
gating locally the compensation variations in n=type gallium arsenide. Earlier,
Williams® had also reported photoluminescence of epitaxial n=type GaAs at 20° K.
The samples used by the above author were epitaxial layers of high purity n-type
gallium arsenide with a doping level of about 101® em™° on a semi -insulating
substrate or n” doped with silicon or tellurium. It is possible to study the homo-~
geneity of compensation by scanning the laser excitation. Correlation between the
relative intensities of two recombination peaks can be used to give information about
the homogeneity along the surface of the sample.

We have attempted to set up such a technique with the available equipment at
UAH. Preliminary results at room temperature indicate that the equipment we hcve can
be adapted for such measurement. Some refinements in the optics or cooling of the
sample to a low temperature may be necessary.

Such a technique, being completely non~-destructive, will be extremely useful

for characterizing the epitaxial layer of GaAs in the M-555 experiment

*Person in charge - R. B. Lal
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1.C.3.b. Photo-voltaic Effect in GaAs*

The resistivity gradient may be measured in a material by producing a conduc-
tion cloud of electrons which diffuse faster in the directicn of higher conductivity.
Such a preferred diffusion gives rise to a net transport of charges producing a few
microvolts which may be detected on a sample having two ohmic contacts at the
end.> Oroshmic, et al,* evaluated inhomogeneities in germanium crystals by
scanning the whole crystal with a photon beam. In one of the samples of GaAs we
found some indications of photo voltage onthe order of a few microvolts by shining
light from a He~Ne laser source. We are looking into more details of the‘ setup
so that we can use it for our program.

Latest refinements in photo-voltaic measurements have been partially success~ ;

i
ful. In order to minimize the noise to signal ratio, a light chopper coupled to a z
PAR 50 nanovolt lock in amplifier has been used to detect the photo voltage. The
voltage produced by a 1 mw HeNe laser is still too weak; however, by using a Hg
light source, a signal is easily detected in GaAs. However, the laser does produce
a voltaic response on our Ge crystals. Efforts are presently being directed toward

(1) improving the system's noise shielding and (2) doping the GaAs with different

Cr concentrations to produce higher resistivity gradients.

1
* Person in charge = J. H. Davis !
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1.C.4, ELECTRICAL MEASUREMENTS ON GaAs CRYSTALS*

Electrical measurements find a significant role in the evaluation of single
crystals of high purity. These are direct measurements of the chemica! and physical
imperfections in the host crystal. Each type of measurement provides a different
type of information about the crystal. The resistivity of o semiconductor is a basic
material parameter whose measurement is required for determining the density
and interaction of charge carriers with the host crystal lattice and with impurities.

If the semiconductor type is known the resistivity can be used, along with resistivity
carrier concentration curves, to yield an approximate net majority carrier concentra-
tion. The Hall eoefficient and resistivity yield the mobility and net majority carrier
concentration. The sign of the Hall coefficient gives the carrier type, positive for
p-type and negative for n~type. Lifetime measurement’s give information about
neutral impurities and imperfections which octs as recombination centers for minority
carrie:.

The measurement of electrical parameters in an epitaxial film is aggravated by a
number of difficulties. A large number of measurements are required for the characteri-
zation of a Aj}|B,, semiconducting film. The composition, structure, electrical and
galvanomagnetic properties of the films can often be determined by means of conven-
tional measurement techniques used on bulk materials. However, extreme care has to be
taken of the small mass of the films, of their irregular topography, the strong effect of

included micro-inhomogeneities, the large surface~to-volume ratio aond the presence of

*Person in charge - R. B. Lal
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the substrate. On the whole, the accuracy of measurements made on films is con-
siderably smaller than similar measurements made on bulk materials. For this reason,
several different measurement procedures should be used to de.ermir~ the same film
parameter,

In the case of semiconductors, as in GaAs, the number of charge carriers, -is
well as mobilities, depend upon temperature and also on the presence of defects and
impurities. In such a case the most common measurement made of the properties of a
semiconducting solid is the electrical conductivity. In the case of an n-type material,
the expression for conductivity reduces to,

0 =neup (M
where o (the reciprocal of resistivity) is the conductivity, e is the electronic charge,
and u, is the drift mobility of electrons. Since ~ can be measured experimentally, we
can determine majority carriers if drift mobility can be determined.

In order to determine the type, concentration and mobility of charge carriers,
the measurements made on the resistivity must be supplemented by galvanomagnetic
measurements over a wide temperature range .

In the work described under this report the measurement of resistivity and Hall
effect (dc-dc) was done by the method developed by Van der Pauw.! The Van der Pauw
mathod requires plane parallel samples of arbitrary shape with four ohmic contacts on
the surface. A current is passed between two adjacent contacts while potential
differences between the other two are measured. By cyclic permutation, two inde-
pendent pseudo-resistances Ry and Ry are obtained as voltage current ratios.

It has been shown by Van der Pauw that between Ry, and Rz, the resistivity o and

the thickness of the platelet "d", the following relation exists,

R T
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Ry
f R, (2)

d
o =(§ 22“2 sle +R2

The function f 24- is given by Van der Pauw and only depends on the ratio 'REL
2 2

and is given in a graphical form (the maximum error in the curve is ~2%).

The Hall coefficient RH was determined by pc..ing the current in the non-

adiacent contacts. The change in voltage was measured across the other contacts
when a magnetic field was applied perpendicular to the sample. The Hall coefficient

RH is given by

d

where B is the magnetic induction and AR, is the change in resistance R, with

magnetic field and d is the thickness of the sample. Also, RH = n—L— so that carrier

concentration can be calculated. The mobility by can be calculated from the

expiession,

Ry

p

iy (4

The tempera..'® variation of » and R, was done using glass liquid helium cryo-

H
stat. Temperatures were measured with Cu - const and Au + .07% Fe and chromel
thermocouples. Data was recorded on a teletype using a Hewlett Packard data
acquisition system. Ohmic contacts on GaAs samples were made in high vacuum
using In-Pt alloy (details in section 1.C.2.). Considerable time was spent in sctting up
and making preliminary checxing of the apparatus.

The following measurements were made on different crystals of GaAs

(a) dc electrical resistivity at different temperatures by the Van der Pauw

method.
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(b) dc-de Hall effect.

(¢) Calculation of Hall mobility and carrier concentration.

(d) Determination of total ionized impurity density (Np + NaA), Na by
taking use of mobility calculated at 77°k

(e) Checking the electrical homogeneity of various crystals.

Measurement of Resistivity and Hall Effect in GaAs 1

The GaAs crystal #1 supplied by SSL was used for these measurement. X-ray
Lave pattem indicated that the sample face was oriented towards (111) orientation.
Ohmic contacts were made with platinum wire using indium as the alloying metal.

The four contacts made on the circumference of the GaAs disc were found ohmic
when tested with a curve tracer. The Hall effect was measured by the Van der Pauw
method !

At first measurements were only made at two temperatures, i.e., at room tempera-
ture and LN, temperatures. A magnetic field of only 3000 gauss was used. The re-
sults of measurement are given in Table 1. The values in the parenthesis are from the
data sheet supplied by the Westinghouse Corporation. Note that our value of by is
only 60% of the Westinghouse value suggesting that defects have been introduced in
GaAs #1. This drop is not surprising since GaAs 1 had been contaminated during han-
dling, etching, polishing, X-raying, and studying under the electron microscope and had
been broken in half in the process.

To give a check on our measurements the value of Hall mobility was also measured
in a .nagnetic field of 2000 gauss and the values calculated for RH and by were found
within 5%. The value of Hall coefficient ot 3000 gauss is slightly lower than the value

calculated at 2000 gauss field which is expected for a homogeneous sample.
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Temperature Variation of Resistivity of GaAs #1 Down to 4.2°K

The liquid helium dewar was tested on the Hall set-up. Temperature varia-
tion of resistivity of GaAs sample #1 was measured from room temperature down to 4.2%&.
Fig. 1 gives the variation of resistivity p from room temperature down to 4.2°K. Simi-
lar variation of resistivity for a high purity n~type GaAs epitaxial film has been reported
by Whitaker, 2ﬂ.=

Wolfe, et al. have determined the total ionized impurity concentrations (Np + N )
from 7 x 1012 to 3 x 10!”7 em™® for n~type GaAs by analyzing mobility and carrier con-
centration data as a function of temperature with the Brooks-Herring formula for ionized
impurity scattering. An optimum temperature for the mobvility analysis was thus determined
for each concentration and the results were used to determine empirical curves for the total
ionized impurity density to be expected for a given 77°K mobility.

Following Wolfe,et al. > the value for (Np + Np) was calculated for sample fl,

The results are given below in Table II.

Table 11

Hall Mobility | Total lonized

by at Impurity
Sample 77°K Density (Np+Na) Np N Na/Np
GaAs | 4031 cm®/ 3x107em™ | 1.78x10*7 | 1.22x10'7 | 0.68
4! volt sec em™® cm™3

Homogeneity of Sample #1

In the case of sample #1 (which is the Westinghouse seed sample) the ratio of two

.. R
pseudo resistances in Van der Pauw's expression, =t changes from 1.3 at room temperature

Rz
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Temperature in K
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Figure 1 Temperature variation of resistivity of gallium arsenide crystal fi.
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to only 1.5 at liquid helium temperature. This indicates that the sample is homo-
gene us, because the ratio %L is apt to change for samples which contain some
s

iniw:nogeneities (detcils in next paragraph).

Kesistivity and Hall Effect Measurements on GaAs Crystals #5 and 6

Ohmic contacts (four) were made on two different samples (¥5 and 6) of GaAs cut
and colished on (100) face from the same ingot of GaAs. The resistivity and Hall
effe :ts measurements were made using the Van der Pauw technique. The room tempera-

ture results for sample 5 and #4 are given in Table III.

Table i1
RH cm®/coul by em’ /volt sec n/cm’
Sample nohmem | 2000g 3000 g 2000g 3000g 2000g 3000g
GoaA: 5 0.2734 1030 1030 3733 3767 | 6.1x 10'° | 6.1 x 10'®
GoAs 4 0.2;4 722 715 2737 2709 |8.6x 10'" | 8.7x 1018

Homogeneity of Samples 45 and 6

It is to be noted that the value Ry and upy of both samples are quite different
although the samples were parts of the same ingot. It has been reported by many

workers 47876

that the Hall mobility in semiconductors and insulators can be greatly
wifected by inhomogereous impurity distributions. This is due to the formation of large
space-charged regions surrounding local inhomogeneities. Anomalous mobility effecis

have een observed in GaAs by these workers.

Also, in an inhomogeneous sample the activation energy for conduction is not
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generally a constant throughout the whole material. When measuring an in-

homogeneous material, even constant current, the current pattern will generally

change with the temperature. The resistances Ry /R, (measured in Van der

Pauw method to evaluats the value of resistivity p) are sensitive to changes

in ucrrent pattern. For a homogeneous sample the ratio Ry /R, should be a

constant, only determined by the geometry of the sample and the contacts.

A variation of the ratic Ry/Rp with temperature, therefore, points to

the presence of macroscopic inhomogeneities. H. J. Van Daal 7 has reported
similar effects in SiC crystals. He also reported a model where intentional inhomo-
geneities were introduced in a crystal. In almost all cases the introduction of in-
homogeneities results in a reduction of the measured mobility. Where relatively
small regions with higher conductivity are introduced intentionally, the reduction of
mobility is mainly due to a decrease of the Hall coefficient, while no influence is
found on the resistivity. In our measurements also as indicated in Table Il for
samples #5 and #6, the value of p is almost the same, while the value of wy is
considerably lower in #6, The ratio of Ry /R, also changes considerably in going down
to 77°K. While for sample #1 (reported earlier), the ratio Ry /R, remains almost con-
stant down to 4,2°K. These results indicate that the samples #5 and #6 contain
large amounts of inhomogeneities.

The exact location of inhomogeneities in these crystals is not known because
facilities were not available (like micro-beam Laue) to locate these inhomogeneities.
The data at low temperatures were not meaningful because these samples showed

large amounts of inhomogeneities at 77°K.
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Resistivity and Hall Effect in GaAs #8 and GaAs #9 and Checking the Homogeneity

A sample of GaAs (called here as #8) was obtained from Mr. Mirt Davidson of SSL/TR.
X-ray Laue pattern indicated that wafer was oriented on (100) face. The sample was chemi-
cally polished by usual techniques and six ohmic contacts were alloyed in vacuum using In-Pt
alloy. All the contacts were found to be ohmic down to 77°K. The geometrical location of
the contacts on the sample is shown in Fig. 2. In order to test the homogeneity of the sample,
the resistivity of p was measured using different combinations of the six contacts on the sample.
Also, Hall mobility and corrier concentration were measured at room temperature. The results

of measurement are given below:

RAB, EF=9.993X ]0-1 ohm
RBF,EA =1,394 ohm

> % 0y =2.814x 107! ohm cm

Oa =2.826 x 107! ohm cm

(na values are after interchanging
current and potential leads)

'6 \5 Rep cD =9.891 x 10! ohm

REC,DE = 1.887 ohm

! z 0y =3.274 x ]0_1 ohm ¢cm -
D C .
Fig. 2 (VP =3,297x 1071 ohm ecm . 1
Rag.cp = 1.516 x 107 ohm :

! L

RBC,DA = 4,929 ohm ¥

oy =3.173 x 107! ohm cm t

P2 =3.166 x 10! ohm cm g

EFIR]

it
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t ( = -1

r RAB,CE 5.714 x 107" ohm

RBC,EA = 1,951 ohm

1'

x p =2.636x 107 ohm em

%

= -1

RBE,CD 4,518 x 10™! ohm

3

‘f RBC,DE =2.724 ohm

g 0 =2,975 x 10~ ohm cm

i

£ - -1

% RAB,ED 5.32x 107* ohm

’ RBD,EA = 2,088 ohm
o\ =2.675 x 10" ohm cm ;
- =2.694 x 10! ohm cm :

The values of resistivity measured using different combination of contacts
on the cryastal vary appreciably indicating that the crystal is inhomogeneous. The
values of o, and p, in each case are almost the same. The above results suggest
that there are some regions of inhomogeneity in the crystal which, in turn, tend to
increase the resistivity. The overall values of Hall mobility and carrier concentration

measured at room temperature for the above sample are:

Hall constant R, = 1071 cm®/coul

H
Hall mobility My = 3912 em®/volt sec.

Carrier concentration = 5,8 x 105 /em®
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Another sample of GaAs #9 (ventron 41721-7) supplied by Mr. Davidson
was also used for measurement of resistivity and Hall constant. Laue pattern indi-
cated that the sample was oriented on (111) face. The results of room temperature

and 77°K resistivity, Hall constant, etc. are given in Table IV.

1t

Table IV
Resistivity by cmy/
P in ohm cm RH in em¥coul volt sec n/em?
® <
° Room p4
us’ Temp. + al <
(RT) |LN, RT | LN, RT [N, | RT N, B2 S ) 2
GoaAs | 1.066 |8.997 . .
o 1x 107! {x 102 | -570 | -863 |5352 {9592 S 5 |s % :33
x X X % :
o (Y [0 o~ o
R
R o

Following Wolfe,_e_t_q_l,f‘ and taking into account the screening factor, the
total ionized impurity density was calculated and is included in the Tavle IV above.
N
The compensation ratio hTS_ was found to be 0.47 for this sample thereby indicating

that the analysis used by Wolfe,et al. ,? can be safely applied in this cose.

The ratio of Ry changes by a factor of 5% in going from room temperature down

Ra

to 77°K. This indicates that the sample is homogeneous. Wolfe et al.” have indi~

. e R . . . . » .
cated that resistance ratio =&, an indication of electrical homogeneity, was typically

Rs
1 and 2 in their crystals and did not vary by more than about 30% over the measured

temperature range (room temperature to 4.2°k).
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Magnetic Field Dependence of Hall Effect

Although the Hall effect is much less sensitive to inhomogeneity than is the
magnetoresistance, pronounced anomalies could be observed when gross inhomo-
geneities occur. Bate, et al.,® observed an anomalous magnetic field dependence
of the Hall coefficient in an n~type InSb sample containing a step function dis~
continuity in carrier concentration (n - nt junction). If the junction is near the
Hall probes, the Hall voltage will be an average of the Hall voltages in the two
regions. Wolfe, et al.$ have reported that since intentionally introduced conducting
inhomogeneities result in anomalously high measured mobilities, similar c7facts may
be observed in samples with other conducting inhomogeneities such as accumulation
layers, metallic inclusions and precipitates and doping variations due to polycrystalline
growth or faceting effects, For a homogeneous sample, the Hall constant should de-
crease with increasing field as expected by the magnetic field dependence of the HHall
coefficient factor. Anomalous magnetic field dependence was observed by these workers
for GaAs samples with intentional inhomogeneities. This casts doubt on the use of
mobility as a figure of merit for a material unless homogeneity can be established. In
samples #1 and #9, no appreciable change of measured Hall coefficient was found
between the magnetic field values of 300 to 4000 gauss. Due to limited magnetic field
value in our set-up, we could not obtain magnetic field values of the order of 10*

gauss, where the above workers found anomalous effects in the Hall coefficie at,

Resistivity and Hall Effect in GaAs #10(2) and 10(3) and Check on the Electrical

Homogeneity
GaAs #10(2) and 10(3) were supplied by SSL after chemical polishing. X-ray Lave

i
}
§
:
H
§
§
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pattern indicated (111) orientation for both the samples. Four ohmic contacts

were made with In~Pt alloy on sample #10(2) and six on sample #10(3), for

Van der Pauw measurements. All the contacts were found to be ohmic down to

77°K. Sample thickness was measured with a travelling microscope. Hall

A e T

effect was measured at 3000 gauss and 2500 gauss magnetic field values. The

two values of Hall coefficient were found to be nearly the same (within 5%).

The results of measurement are given in Table V.

Table V
. 2
pR:r:':l'::f\' 'Zm cr:"ﬁ/ ;Zul vin :emc ./ n/cm®
Somple RT LN, | RT N, RT | LN, | RT LN,
GaAs | 9.05x| 7.567 | 312 | 467 | 3443 | 6172 |2x 10" 1.2x 10"
#f10(2)* | 107 | x 1072
£10(3)* 216("-23‘ 2‘,93.3 3.76| 3.86 1431 | 1307 | 1.6 x 10'°]| 1,62 x 1019
X

Following Wolfe, et al.; the total ionized impurity density was calculated
for sample #10(2) and is given in Table VI. The above method could not be

applied for the sample #10(3) because the Brooks-Herring ® formula is not valid

“~a3

at concentrations higher than 3 x 10*7 cm

MWme [” N
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Sample

(ND+§A)

cm” Np em™3

3

Na em™

NA/ND

GaAs #10(2)

6.54 x 101° | 4,27 x 101 [2.27 x 10"

0.53

Resistivities at room temperature were measured for GaAs #10(3) using five

possible combinations of contacts giving five independent values of resistivity o.

The results are given in Table VII.

Table VII
Resistivity
Pseudo Resistance o in ohm cm
RDA .ED ,
R 2.492x 107 °
AE - DB
R
AB - CD 2.651 x 107°
ReC - pA
ReD- B .
R ¢ 2.519x 10°°
BD - £C
Rpa .
RDA EF 2.527 x 10~°
AE - DF
Ree . 8C
2.549 x 1072
Rep - CF
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From Table VII, it is evident that five different resistivity values are
within % of each other. Bri ce,_e_t_ti.fu have reported that in a laminar sample

the values of different resistance, although not true spreading resistances,

depend only on the logarithm of contact-to-contact distance. Hence, provided the

§
4
£

contacts are not grossly unsymmetrical, a wide variation of resistance indicates an
inhomogeneity normal to the plane of the slice. In measuring the resistiv. " varia-
tion of contact positions is taken into account and so very little variation . - istivity
values indicates that the sample does not contain inhomogeneities normal to the plane

of the slice.

Fah T NI Ed
A b

The ratio %L changed only by a factor of 5% in going from room temperature s
-]

down to 77°K. This indicates that the sample is quite homogeneous.

kil anit i

i
*
5

It is recommended that each crystal be tested for inhomogeneities before

W SCRTRRE S

deciding on a seed material for epitaxial growth of GaAs.

Table for Properties of GaAs

Lo L

During the course of the above work the attached table was compiled which

lists important properties of GoAs,

c maan e AN

Conclusion
The data generated on ground based samples can be used to evaluate the over-

| all role of the space environment on the growth of GaAs single crystals and epitaxial films,

although during this reporting period no measurements were made on epitaxial films. The
following parameters could be used to elucidate the role of gravity:
(a) The overall carrier concentration and mobility of the sample.

(b) Type of material grown, n or p type
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(c) Homogeneity of the sample.
(d) Total ionized impurity density (Np + Na) and the compensation ratio
NA/ND.

In the case of an epitaxial urdoped film grown on a doped substrate or a doped
film on an undoped substrate, the results of measurement of the above mentioned parame-
ters can give information about the overall quality of the grown film. The resistivity
and Hall corurant of the film in both cases can be several orders of magnitude different
than the substrate, thereby making the results more ineaningful. 1 iome cases of
epitaxial growth by vapor phase method, a region of high resistance was detected by
Hasegawa ! between the layer—substrate interface. The measurements are also es-
peciolly useful in evaluating the prior quality of the seed material used for the M-555
experiments of GoAs epitaxial film growth. In the case of epitaxial growth of films, the
quality of seed on which the film is grown is of utmost importance, because Jefects pre-

sent in the seed can emerge out in the film making the quality of the film poor.'?®

Errors Introduced in Van der Pauw's Method Due to Finite Size of the Contacts and the

Contacts Not Lying Exactly on the Circumference of the Sample

In order to calculate the errors introduced if the contacts are of finite size and not
at the circumference of the sample, Ven der Pauw derived special formulas for these
special cases. Taking those particular cases, we have calculated the percentage of
error involved. In all coses it was assumed that the sample had a chape of a circular disc
and that contacts are at right angles to each other, Three special case: are discussed
and ure represented in Fig. 3.

I. One of the contacts is of finite length "d" and is assumed to lie on circumference.
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II. One of the contacts is made in a direction perpendicular to the circumference

and is of length "d".
III. One of the point contacts lies at a distance "d" from the circumference.
Case . If D is the diameter of the sample and the values of d and 1B are small,

D

. A A . . . i
the relation between TD and —':i , the relative errors introduced in resistivity and

mobility, is given below:

do o &
o 16D tn2
A g
My )

Taking a typical case of a contact diameter of 1.00 mm and sample slice diameter of

10 mm, the calculated relative errors are as follows:

A= 0.1%
o]

AR

v}'i— - -2.00/0

Case II. In the second case, the error introduced will be as in the foregoing case,

but with "d" twice as large.

bo=- & 0.
P 4B7 1 n2 *
Ay 4d
T -

Case I1I. In the third case, the theoretical expressions and calculated errors are

as follows:

ot

S
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According to Van der Pauw, it can be shown that if more contacts have some of

the above mentioned defects at the same time, the errors introduced to a first approxi-

mation will be additive. The above error factors can be incorporated as a correction y
factor.
%
4
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TABLE VIII 120
PROPERTIES OF GoAs
Property Description Comments References
Melting Point 1238°¢C The phase diagram was | 1) H. Welker and H. Weiss,

obtained when vapor

pressure was unknown.
Possess appreciable vapor
pressure at the mp.

Solid State Phys., Vol 3,

(1956).

2) J. Vanden Boomgard, et
al, Philips Res. Rept.
12, 127 (1958).

p.1, Academic Press, NY,

Density in 5.3162 +0.0002 ot Unannealed GoAs 3) L. R. Weisberg, et al,
g/cm® 25°C J. Appl. Phys, 34, 1002
(1963).
Crystal Zinc blende type cubic 4) G.V. Ozolin'sh et al,
Structure a =5.653L5 + 0001 i (S'o9v6.3;’hys. Cryst, 7,691
at 25°C '
Space Group F43m 5) Am. Inst. Phys. Hand-
book, Table 9b-1,
(McCGraw Hill Co., N.Y.
1957)
Energy Gap 1.53 ev at 0°K a) Values are uncertain | 6) M.D. Sturge, Phys. Rev,
1.49 -1.52% ev at 127, 768 (1962).
77°K 7) H. Piller, in Phys. of
Semiconductors (Proc. 7th
1.37 -1.43 t .
300°K eve Intern. Conf) Academic
Press, N.Y. 1964,
Average 0.07 - Electrons Values given are ratios | L) Same as 6 and 7.
Effective 0.12 - Light holes of the effective masses to
Mastes 0.468 -Heavy holes the free electron mass.
Spin - orbit 0.35 ev 9) Same as ref. 6 ond 7.
Splitting
Energy

Index of Refrac-
tion

3.291 at 0.27 u at
room temperature

10) Semiconductors and
Semimetals, Vol. 3,
Academic Press, N.Y.
(1967), p. 518.

o
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Properties of GaAs 121
Property Description Comments References
Effective Charge -0.51 11) Semiconductors and

Semimetals, Vol I,
Academic Press, N.Y.
1966, p. 13.

Electron Mobility
em? /volt sce.

a) 8800 at rocm temp
with total impurity
concentration of
102® em™®

b) 55,000 at low temps.

c) 110,000 at 56°K
(vapor phase) with
impurity contents
near 6 x 10**em™®

(ref 13)

Pe.. ts (a) and (b)
are for GaAs epi-
taxial layers.

(ref. 12)

By vapor phase technique
This material is much
purer than any GaAs
reported previously.

12) J. R. Knight, et al,
Solid State Electron,
8, 175 (1965).

L 13) J. Whitcker, et al,
Sol. State Comm, 4,
181, (1966).

Temperature
Variation of
Resistivity,
Hall Constant
and Mobility.

J.R.Knight, et.al., Solid.State .Electron._&_,l78('1%5)

0o — -

. "

RESISTIVITY OHM CM

ol 1 ! [

—

HALL CONSTANT

*—% 0%
-
" T3 1

MOBILITY

RESISTIVITY

Mo g e o e M -

o
A
HALL CONSTANT (CM¥COULOMB)
MOBILITY (CM¥VOLT SEC )

-

1000
K

14) Same as ref. 12,

Coefficienty of
Lineor Expan.
a x 10° deg™

5.64 ot ~370°K

0.5 at 55°K

o becomes negative
cta trogsiﬁon temp,
Tt =55"K.

15) S.1. Novikovq, Sov.
Phys. Sol. State, 3
129 (1961)
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Properties of GaAs 122
Property Description Comments References
Thermal Conduc- 0.35 at 300° K 16) M. G. Holland, Phys.
tivity watts/cm deg. 30 ot _10%K Rev., 134, Ad471 (1964)
0.9 at 2°K
Specific Heat at 0.07640°ca|s/gm deg. 17) Semiconductors and
Constant Pressure at 298K Semimetals, Vol. II,
Academic Press, N.Y.,
1966, p. 52.
Characteristic 344 Calculated from 18) P. M. Sutton, Phys. Rev.
Tempegature Elastic Constants 99, 1826 (1955),
810 K (given in next 19) Same as ref. 17, p. 56.
column)
Elastic Constants Cy =11.88 20) Same as ref. 17, p. 56
(10* dynes /em®) _
Cy;2=5.38 21) 1. B. Bateman, et al,
J. Appl. Phys. 30 , 544,
Cee=5.98 (195;)’{’ yse 2
T =298°K
Max heat treatment 1000°C 22) Same as ref. 17, p. 117.
temp. (110) sur~
face
Estimated 550°C 23) Same os 22.
Anneal temp
(110) surface
Ionicity 0.56 24) M. Hass, etal., J. Phys.
Chem. Sol. 23, 1099
(1962).
Paramagnetic ' 25) Ref, same as 17, p. 201.
Resonance Results ) Fine  Hyperfine
Host  Paramagnetic  Spin structure mter-
Latnce atom §$  g-value constantfa] action A
(gauss) (gauss)
;‘u\s Manganese H 2003 15.5 s7 Finc structure not
resolved
Gats  lron H 2,046 374 - Hypetfine structure not
resolved
GuAs  lron or defects  § 2046 374 - Spin density 107 times
greater than iron
density
G.As  Nickel 3 2.106 —- — One very broad line,
sbout 130G 1n half-
width
GaAs  Zinc ¢ 81 - — Bound hole detected by
uniaxial stress
GaAs  Cadmium ] 6.7 - — Bound hole detected by
uniaxial stress
GaAs  Conduction § 0.52 - - About 100G 1w hall-

width
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Properties of GaAs
Property Description Comments References
Etchants 5 5% NaOH Soln 5 Min 26) D. N. Nasledov, et al,
1 30% H,0, Removing material Zh, Tekh. Fiz, 28, 779
at a rate of 10 to (1958).
15 u/min.
2 HCl 10 minutes 27) J. G. White, et al,
1 HNOs Etching (111) J. Appl. Phys., 30, 946
2 H0 (1959).

28) M. S. Abrahams, et al,
eds., Property of Elemental
and Compound Semiconduc~
tors, p 225, Interscience
Publishers, N.Y. 1940.

1 HF Etching (111) and 29) J. L. Richards, et al,
5 HNO; (111). Ag inhibits J. Appl. Phys, 31, 611
8 to 12% AgNO, attack on the normally (1960).
Soln fast etching (111).
1 HF Chemical Polish 30) Same as ref. 29.
3 HNO,
2 H;0
1 HF 10 Min. Produces 31) J. L. Richards, J. Appl.
1 30% HgO, etch pitson (111) Phys., 31, 600 (1960).
1 HO
1 HF 10 Min. ot 65°C 32) M. S. Abrahams, et al,

2 HzO with 33%
Cr O, 0.3% AgNC,

Produces etch pits on
(1, (mn, (110
and (100). Also re-
veals dislocation lines

J. Appl. Phys., 36, 2855,
(1965).

CH,OH with 5 - 20%
Bl’g

Polishing

33) C. S. Fuller, et dl, J.
Electrochem. Soc. 109,
880 (1962).
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1.C.5. GaAs EPITAXIAL LAYER SURFACE MORPHOLOGY

a. Introduction
Surface morphology will be used as a qualitative index to the perfection of

GoAs substrates, films and crystallites. A rough grain-like or spongy surface would
sugéest polycrystallinity, while a loose film would suggest a nonepitaxial film. Lenie’
suggests unaided viewing of the film against a dark background under a flyorescent
light to identify such defects as scratches, pits, "orange peel" and pyramids. Micro-

scopic examination will easily reveal scratches, voids, spikes, crowns, and dimples

with measurements accurate to 1 micron.

b. SEM-Photomicrographs

The effectiveness of Scanning Electron Micrascope photomicrographs for GaAs

epitaxial film characterization is illustrated on Fig. 1 and Fig. 2. A film thickness
of 20 + 1 4 is determined from the 140X photograph. The second photo shows a

"blister" at 1600X which was the most noticeable defect of the surface of GaAs epi #1

as seen in Fig. 2.

c. GoAs Surface Study

Surface studies show that the GaAs seed faces (GaAs #10-1, #10-2 and #10-3)
were rounded due to polishing such that the disk centers were about 10 higher than
the edge. The minimum full scale tally surf deflection must be greater than 10 re-
ducing instrument sensitivity by at least a factor of 10.

Recommendation - GoAs should be embedded in an epoxy. Then the epoxy and

wafer could be ground and polished as one unit, thus keeping the surface flat.

e e CAGT e
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If the GaAs wafers could be cut round, they could be fit flush into a polish~
ing holder having round holes. Both the GoAs and the holder would be polished to-
gether thus preventing preferential edge polishing.

d. GaAs Slicing

The technique of slicing GaAs (100) wafers from ingots of (100) growth direc~
tion has been mastered using a diamond lathe cutting wheel and a jig which holds the
crystal goniometer on the lathe in the same position as it sits on the X-ray beam. This
will alleviate our shortage of (100) crystals which deserve most attention in view of their

use in M-555,
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Fig. 1. Scanning Electron Microscope photomicrograph showing the
exposed edge of GaAs Epi 1 which is used to calculate the
epitaxial film thickness.
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Fig. 2. Scanning Electron Microscope photomicrograph of GaAs Epi #1
epitaxial film surface showing a blister about 25 um in size.
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GaAs #10-2 after chemical polishing. Note that the
surface contour is rougher than in Fig. 3 which was
made before chemical polishing. The chemical polish-
ing brings out scratches not seen visible before. Ob-~
viously a flat surface would allow increased magnifica~
tion without clipping the top of the signal.
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1. D. FLIGHT EXPERIMENT DEVELOPMENT AND FLIGHT EXPERIMENTS TN PROGRESS*

As outlined in a previous paragraph on Apollo Flyback Experiments (1.A.1),
near zero gravity in spoce eavironment (107 € to 107 g are average values for an
orbiting space station) has a potential for producing single crystalling materials of
superior quality. Both, dopant homogeneity and structural quality is expected to be
improved with materials processed in space due to the lack of gravity driven convection.

(See 1.A.1.)

Bosed upon the experiments on "containerless solidification of InBi and InSb"

and "diffusion and convection in a metallic melt" that were described in the section

on Apollo Flyback experiments, two similar experiments have been proposed for the
Skylak mission in 1973 and the ASTP mission in 1975:

1. Skylab Experiment "Growth of Spherical Crystals of InSb."

The puspose of this experiment is ta study the feasibility of a new
technique developed by us for processing  containerless melts in space environment.
Since crucible contact is not only a possible source of contamination, but will neces-
sarily lead to thermal stresses due to different thermal expansion of crucible and sample
material, crucible contact has to be avoided if structurally good single crystals are A

desired. Furthermore, if dopant homogeneity is of importance, the melt should stay

static during solidification; in particular no fluid motions should be induced by the
growth technique itself. Both of these conditions are met by our proposed experiment
(see 1.A.1. and Experiment Implementation Plan).

The experiment was approved for Skylab in May 1972 by INASA Headquarters.

We are presently fabricating the flight hardware. A radiograph of a sample cartridge

is shown in Fig. 1.

*In charge: H. U. Walter
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Since the approach used for Apollo tiyback experiments (extension of
melt through orifice and self-nucleation) was changed to melting back of cylindrical,
single crystalline samples, high quality single crystals had to be produced. The
required equipment was not available at UAH and we have designed and constructed

the following equipment under this contract:

(1) High vacuum, high temperature fumace for alloying, casting,
preparing ingots, etc.

(2) Horizontal boat arrangement (high vacuum, up to 1200°C).

(3) Czochralski system for growth of InSb (vacuum, uvp to 1200°C).

(4) UHV - Czochralski system.

(5) Several two and three zone Bridgman systems.

2. Convection and Diffusion in a Metallic Melt

This experiment was originally proposed as an Apollo flyback experi-
ment. A more sophisticated version was submitted on October 24, 1972, for the ASTP
mission in 1975. The concept of the experiment is as follows:

The basis of any future application of space environment for processing
single crystals is quantitative knowledge of solidification kinetics as compared to
solidification on earth and to the true, theoretical zero gravity case. Quantitative
information can only be obtained if the parameters of the system before melting in
space are known quantitatively and if the thermal paramet -rs and thermal dynamics of
the system during melting, soaking and solidfying are known as closely as possible-

This leads to the following basic requirements for such an experimeit:

(1) Geometry cs simple as possible (cylindrical sampie).

_— S P T, — ____%’

" . ‘ Rvd

ooR S Apegen R W - M PN

‘ . - ""«M"‘ - - - &
i - ] - R < S . P

0 e T o i e i Y e ¢
. 5



~

e e W ACCE RN IR ey T T

134

(2) Solid state diffusion negligible.

(3) Dopont distribution as defined as possible, which rules out remelt-
ing of doped single crystals, but makes casts (polycrystalline, small grain size) impera-
tive. Stacking up of alternating slabs of casts with constant impurity level and casts
of intrinsic material will provide this situation. The dopant concentration will follow
a square function along the axis of the cylinder,

(4) A programmable furnace with actively and independently controlled

hot and cold zones, such that the thermal history of a sample is known even without
real ~time monitoring of temperatures.

Melting and solidifying should preferably be short as compared to the soak~
ing period where steady state conditions in terms of temperature are established. Dur-
ing soaking, dopant will diffuse into the initially undoped parts of the melt and, accord-
ing to soak time and soak temperature, diffusion coefficient in the liquid and fluid
motions, a dopant profile different from the initial square function will be established
at the time where solidification is initiated. Dopants with distribution coefficient
k<1 ond k = 1 will be used. An undoped seed crystal will be located at the cold
end of the capsule.

As the solid-liquid interface travels along the cylindrical melt, dopant will
be redistributed according to growth rate and distribution coefficient.

In the case of lacking convection, diffusion in the liquid will alter the
square function of dopant concentration initially present to a distribution where the
dopant concentration decays exponentially and symmetrically towards both undoped

slabs on either side (neglecting differences in temperature in the two areas due to the

e pomr o o e s
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temperature gradient along the cartridge during soaking, an assumption that can
reusonably be made at low gradients and small spacing). Solidification will then,

in the case of k = 1, preserve this profile), in the case of k < 1, it will alter the symmet-
rical profile to an asymmetrical distribution, where the asymmetry is due to segregation
effects only.

If there is residual convection in the meit, dopant will not only be redis-
tributed by diffusion and segregation effects, but also by fluid transport. Provided that
solidificatior. rates are kept constant and the temperature gradients are kept steep
enough to avoid constitutional supercooling, any random oscillation in dopant con-
centration can be attributed to fluid flow.

In order to verify that these conditions of growth were kept up during solidi-
fication, a control cartridge of identical geometry with seed and only one cast of con~
stant dopant level will be processed. Assuming that a furnace similar to the multipur-
pose electric furnace that is being used in the MS program of Skylab in 1973 will be
available, three cartridges can be processed simultaneously. One of the three will be
the above-mentioned control cartridge. A copper liner extending to about one third of
the length of the capsule from both hot and cold ends of the cartridge will generate
three gradient regions with kinks where the copper sleeves end. After melting and

soaking, the temperature of both of the controlled zones would be lowered, for

example, by synchronously and linearly reducing the reference voltages of the controllers

thus providing constant solidification rates within isogradient regions. As the intar-
face travels into a different gradient region, the solidification rate would alter and

an inhomogeneity in dopant concentration would mark this event. Correlation of

[ B 4
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additional markings in the control sample with markings found in the two other samples
would prove either presence of convection if no correlation could be made, ora
variation in growth rate due to electrical and thermal instabilities if correlation

could be made.

Since both diffusion and self= diffusion constants in the liquid and also
segregation coefficients for the proposed systems are known, dopant profiles can be
computed assuming a lack of fluid motion.

Comparison of the computed plots with dopant dist-ibution found in the
samples that were melted, soaked and resolidified in space will provide quantitative
information on eventually present residual convection. In the case where disturbances
of the dopant profiles by fluid flow are minor and the general pattern observed is in
agreement (eventually after computer averaging) with the general shape of the com-
puted plots, diffusion coefficients of the different dopants in the melt and values of
segregation coefficients can be refined. This is of basic value since any of these parame-
ters are now being determined with a large inherent error due to interfering convection
processes.

Similarly, segregation coefficients are determined under conditions where
complete mixing can be assumed. Values for k given by various authors scatter con-
siderably, The distribution coefficient of selenium in indium ontimonide, for
example, is given by various authors as 0.17, 0.5 and 0.35.

Matching of the computed plots for dopant distribution with the obser ved
distributions by a computer iteration process where k and D are variables (starting out

with available values for k and D) will yield refined values for k and D. The major
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condition to be met would be a symmetrical dopant profile before solidification starts,
asymmetry of the profile has to be caused by segregation only.

The experiment will provide the basic information required to conceive
further scientific and production-type experimentation on solidification. It will prove
whether and to what extent doping con sense disturbances caused by residual con-
vection, information that is essential for further investigations and applications. it
will also provide basic information on solidification kinetics and solidification parame-

ters that should prove helpful for both space processing and ground based experimentation.
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II. ADVERSE EFFECTS OF GRAVITY ON WHISKERS

A. INTRODUCTION AND BACKGROUND

The purpose of this investigation is to determine whether or not whisker growth
is significantly improved in an earth orbit. This is a continuation of an earlier study?
of manufacturing in space. The scope is limited to whiskers to assure a complete and
intensive investigation.

Whiskers are high strength, filamentary single crystals. They are of interest
mainly because of their high tensile strength which approaches the theoretical limiting
strength of a material. Bulk crystals tensile strengths are from two to three orders of
magnitude below the predicted theoretical value. As the cross section area of successive
whiskers becomes smaller, in the neighborhood of 1 u.a, the tensile strength increases by
about a factor of 100, being roughly inversely proportional to the diameter.

So far, technology hos been unable to fully utilize the high strength whiskers.
This is partly because no rapid mass production method of growing good quality whiskers
is available in an earth environment. Whiskers now available are either too short, have
multiple branches, or are too scarce to be used in the reinforcement of high strength com~-
posites. In a zero~gravity space environment, whiskers should grow longer, thinner, and,
thus, stronger.

Whiskers used to strengthen composites should have a high aspect ratio. The
aspect ratio is the ratio of whisker length to thickness (or diameter). The long, thin
whiskers have more surface arec per unit whisker tension, thus, they would not pull free
from the plastic matrix when the composite is under tension.

Conceivably, a gravitational field could affect the atomic whisker growth

mechanism by vapor deposition growth which involves the gaseous states. In the vapor

« ———— ot
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deposition process,® a source material is slowly vaporized in the hot portion of the
furnace and as the vapor moves to the cool region, it becomes supersaturated and
condenses metal atoms to form a solid which often grows in whisker form. This is
done in an inert atmosphere as seen in Fig. 1. The diffusion should be very slow;
however, in a temperature gradient, nonuniform convection currents are set up which
add to the diffusion in transporting the atoms to the I;:ttice. These circulating currents
(due to gravity) are probably unstable, thus producing an excess of supercooling
which could result in massive nucleation which produces polycrystals instead of a
single crystal growth. The convection is due to warm and cool gas having a different
density in the presence of a gravitational field. The absence of convection at zero
gravity should allow diffusion to produce a more uniform vapor for better crystal growth.
An experiment was conducted to test indirectly the above hypothesis. If 1-g
produces an adverse effect on whisker growth, then 2-g should produce an even more
adverse effect, etc. By applying several g's of acceleration to the whiskers during the

growth by vopor deposition, and by comparing this growth to 1-g grow'h, one may then

predict some effects of O-g.

B. EXPERIMENTAL RESULTS OF CADMIUM WHISKER GROWTH BY VAPOR
DEPOSITION FROM "g" to 20 "g" ACCELERATION IN A CENTRIFUGE

Cadmium whiskers and small crystals were grown in a centrifuge® for the

purpose of determining the effect of increased "g" forces on crystal growth. Two growth

tubes were used, and each crystal was grown for about five hours at 1, 5, 10, and 20 “g's".
The crystals were grown in the conventional manner (see Fig. 1) with a typical

temperature gradient so as to prevent artificial exaggeration of the effect of gravity. The

Do T WP STy E iaii o g R T )
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Pyrex tube, 2.2 cm ID by 40 cm long, containing about 2 gm of 99.999% pure
cadmium in an atmosphere of (initially) 99.9999% pure argon at a pressure of about two-
thirds of an atmosphere. The tube wos placed inside a Marshall furnace with a & in.
cold zone, maintained at approximately 290°C, and a 6 in. hot zone, maintained at
approximately 390°C. The two zones were separated by a 4 in. stainless steel divider.
The furnace was mounted on a centrifuge arm as shown in Fig. 2. The furnace had

only negligible vibrations of about 0.002 "g" in the radial direction, 0.01 "g" in the
tangential direction, and 0.003 "g" vertically as m -asured with a Statham instrument
accelerometer,

In measuring the pure effect of increased gravity, all other parameters such
as argon pressure, Pyrex surface condition, Cd source mass, and trace impurities must
be held fixed. This may be done by reverse distillation of the Cd growth back to its
original side of the tube, thus allowing reuse of the same tube without changing the
above parameters, The drawback, of course, is that the whiskers must be evaluated
and photographed before reverse distillation, leaving no permanent growth for later
study.

Due to different heat transfer rates of the various centrifuge furnace velocities
through air, extra care was needed. For example, at 20 g the furnace velocity is 20 m/sec
and if this had caused preferential cooling on one end of the furnace so as to alter the
temperature gradient, our results would have been rendered worthless. Thus, each half
of the furnace contained a heavy aluminum cylinder 2-1/2" OD by 1" ID by 6" long to
maintain near isothermal conditions on each half of the growth tube. In addition, two

independent temperature regulators were necessary to hold the temperature of each half
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of the furnace constant at the various rotation speeds used. A dual pen recorder
monitored the temperature of each half of the furnace and revealed, upon starting

the centrifuge, a transient 15° temperature oscillation which decayed away after a
few cycles (about 15 minutes). The effect of this transient was judged to be negligible
considering that the total growth time was five hours.

As shown in Fig. 3, the amount of transported material increased linearly
with the increasing "g" force. The percentage of whiskers lying flat increased from
10% for both tubes at 1 "g" to 75% and 60% for tube 1 and tube 2, respectively, at
20 "g's" each as seen in the graph in Fig. 4.

It should be noted in Table 1 that the two tubes sometimes behaved very
differently. Apparently the argon pressure and the amount of cadmium in the tube have
a very large effect on the tube's growth, so much so that we used the same tube by reverse
distillation for o complete series of experiments.

The graph in Fig. 3 strongly and clearly demonstrates the effect of increased
grovity on the quantity of transported material for crystal growth. Such an effect had
been predicted theroretically but to my knowledge had not had experimental conforma-
tion. The material transport increased about a factor of 10 with increasing gravity indi-
cating that gravitational effects should not be neglected in similar situations involving
a fluid in o temperature gradient.

The graph in Fig. 4 clearly confirms the detrimental effect of gravity on
growing whiskers. With increasing "g" values, five times more whiskers fall onto the
substrate, where growth is inhibited or distorted. The falling is either a direct result

of gravity or is due to fluid drag from convection which is further discussed in Section I1.C.
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This clearly points toward a zero~gravity environment as being ideal for whisker
crystal growth. This (1 to 20 g) experiment must be labeled as crude since most

of the observational data were taken on the most visible (larger) whiskers and while
the high aspect ratio (long, thin) whiskers are the most useful, but also the most
susceptible to gravity bending and entanglement with other whiskers and the substrate.
Later experiments should incorporate rectangular (instead of cylindrical) growth tubes

for better microscope focusing on the important smaller whiskers.

C. GRAVITATIONALLY INDUCED CONVECTIVE FLUID DRAG FORCE IS

SOMETIMES 1000X GREATER THAN THE DIRECT GRAVITY FORCE ON A

WHISKER
In studying the gravitational effect on whisker growth, it is important to be

able to account for other forces which may be equally as important as gravity. For
example, if whiskers are grown in earth orbit, we surely want to keep the random
vibration acceleration less than 1 g. We also know it would be useless to do an experi-
ment in orbit if the fluid drag force on the whiskers is of the order of 1 g. With this
in mind, we will do some calculatiois to determine the force on a whisker due to air
motion.

For simplicity, a uniform fluid flow was assumed without considering the zero
velocity boundary layer at the wall which would shield a whisker lying almost flat
against a substrate .

B. E. Lamb* derives on the following equation for the force on a long, thin
cylinder which includes the gas viscosity. This equation has been verified experi=-

mentally by Wieselsberger (Phys. Zeitschr, 1921, p. 321).
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where F/L is the fluid force per unit length on the cylinder.
V = fluid velocity
a = rod radius
vy = Euler constant = 0.577
v = Kinematic air viscosity = 160 x 107° ft? fsec

n = Airviscosity = 0.362 x 107° Ibs - sec/ft” (at one atmosphere

pressure)
for a whisker of 1 u diameter if V is about 1 em/sec
F = 1.6x107
O - .6 x grxV (2)
if V.= 1 cm/sec, then the force is twice the force of gravity (for tin).

In order to compare gravitational forces to fluid forces, we have plotted the
graph shown in Fig. 5. Since the fluid (air) drag depends both on velocity and whisker
diameter, we have plotted effective gravitational force (that is, whisker force divided
by mass of the whisker) as a function of air velocity. Each curve represents a whisker of
different diameter. As the whisker diameter becomes smaller, the fluid forces become
much more significant than the direct gravity force. The near linearity results from the

log term in Equ. 1 being relatively constant.

Conclusion: From the graph we see that even the expected 1 cm/sec velocity

associated with convection will cause a force 300 times stronger than the direct gravita-

tional forces if the whisker's diameter is 0.1 ..
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Thus, in summary, gravity may adversely affect whiskers not only by a directly
bending force, ' and by convective disturbance of the supersaturation ratio and the
growth process, but now we see that the gravity-driven convection will also cause a
destructive fluid drag force which may be several orders of magnitude longer than
direct gravity forces. This zero-convective drag makes zero~g even more enticing
for whisker growth. These fluid and direct-g forces are destructive in the sense that
they might: (a) break the growing whisker from the substrate at its weakest point,
the nucleation point, (b) bend the whisker so that the tip touches the substrate, stopping
growth, and (c) bend two whiskers so that they touch, grow and "weld" together.

Long Ultrathin Whiskers (A New Frontier)

A whole new domain of scientific advancement could result from growth of an
ultrathin (~ 10 1), but long (1 mm) whisker which could carry a current. Such a
whisker would (a) serve to check one dimensional solid state theories, (b) serve to
measure the surface scattering of electrons, (¢) have (according to theory) a super-
conducting transition temperature due to an increased density of states, (d) exhibit an
order of magnitude greater superconducting fluctuation effects which would help to

settle questions on the basic theory of superconductivity, and (e) be wound for a

Cen et R e

small memory storage coil with 160 turns and a 1 i diameter.

By extrapolating the graph in Fig. 5 one finds that an air velocity of only 1 cm/sec
exerts a force 100,000 times greater than the direct force of gravity on a 10 i diameter
whisker. Such a fluid force due to convection could be responsible for the absence of
10 £ whiskers in the literature. Repeating the whisker growth experiments in zero

gravity would greatly increase the chances of finding such 10 } whiskers.
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The problem of “in orbit" detection and diameter measurement of these invisible
fibers could be handled electronically by use of a high impedance electrode would be
shorted by the growing whisker. Each time a whisker shorts an electrode the current
could be increased until the whisker melts at I = Ipyg, . This forms both a record of
the number of whiskers and of their diameters. Since each detected whisker is melted

the electrode would be automatically reenergized for detection of the next whisker.

D. EVIDENCE FOR POSSIBLE GRAVITATIONAL EFFECT ON WHISKER ORIENTA -

TION

The following is a quote from the thesis of Mr. Charles Lee Watlington, en-
titled "The Effect of Boundary Scattering on the Superconducting Transition Temperature
of Tin Whiskers," Clemson University, 1970.

"It appears possible to select a whisker of a given (crystallographic)
orientation. Selecting whiskers which stood straight on the growing surface \
usually resulted in either a (001) or a (100) orientation. On the other ;
hand, selecting whiskers which were elastically bent by gravity, almost all
(001) whiskers were obtained. This did not hold for very small whiskers
which would not stand by themselves in any case.”

Several possible explanations are offered here: e

1. (101) whiskers may be ribbon shaped and thus bend easier in s

one direction.

2. The elasticity tensor for tin may be such that bending in the (101)

direction is easiest,

3. Gravity may directly affect the whisker orientation, i.e. , strain at

the whisker base due to gravity may n.ake ¢101) growth preferable to other orienta -

tions.
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EFFECTIVE G-FORCE OF VARIOUS

DIAMETERS DUE TO AIR DRAG

FROM HYDRODYNAMIC EQUATION
FOR AIR DRAG ON A LONG THIN CYLINDRICAL
ROD AS A FUNCTION OF AIR VELOCITY AND THE

AND ROD DIAMETER
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103 /
102 /
» WHISKER DIAMETER /
0.1
10! / /
T /
/ 10
100 7
107! / / /
[ /
10-24 —— — —
.0001 .001 01 1 1 10 100

AIR VELOCITY IN CM/SEC

Fig. 5. This curve shows the relative magnitude of hydrodynamic drag forces to
gravitational forces on long thin rods (whiskers) . This effective force
is plotted as a function of air velocity for various diameter whiskers.
Note that at 10 cm/sec the drag force on a . 1. diameter whisker is
severa! thousand times the gravitational force.
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.E. ZERO GRAVITY MAY PRODUCE WHISKERS BY EXOTHERMIC CHEMICAL

REACTION WHICH WOULD NOT GROW IN ONE-G

It is within the realm of possibility that convective flow induced by gravity

could have an adverse elfect on whisker growth by chemica. reaction. Cunsider the
following situation: The two gases are being heated together H, + MCI to form HCI
and whiskers of the metal M. M could be any metal, copper for example. Suppose
this reaction is exothermic and the reaction rate increases with temperature. Heat

is generated at the growing whisker tip which increas2s the temperature and thus, the
reaction rate. The situation then is highly unstable, like lighting a match in a room
filled with oxygen and hydrogen. At the hot whisker tip, convective currents flow
to replenish the supply of MCl near the whisker as pictured in Fig. 6. This could
result in an oversaturation which could result in polycrystal instead of single crystal
growth.

Whisker growth requires a slow, weil-regulated reaction and the above reaction
has no self-regulating features in a g field. However, in zero gravity, the hot
whisker tip would generate no convection and then the reaction could proceed
no faster than the MCI| could diffuse through the H, gas. This regulation may
allow whisker growth in a zero g environment which would otherwise be impossible.
As convection stops, its cooling effect is reduced and the whisker tip may be ex-
pected to heat, increasing the reaction rate. However, the reactant density re-
duction should slow the reaction in spite of the higher temperature whisker tip. The

candle flame is extinguished as "g" approaches zero for the same reason.
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In searching through literature, some experimental evidence has been un-

covered which lends support. Consider this reaction:
2MCl +Hg +Energy = 2M + 2HCI.

If the energy supplied is positive, the reaction is endothermic; if energy is nega-
tive, the reaction is exothermic. According to Brenner,® whiskers grow by this
reaction if chlorides, bromides or iodides are used; however, whiskers do not
grow if the fluoride is used. It is very interesting to note that all the reactions
are endothermic except the fluoride. This may be only a coincidence; however,
it does directly support our hypothesis that whisker growth is suppressed in an
exothermic chemical reaction, possibly due to convection.

A suggestion then would be to attempt whisker growth from the reaction
Hy +2CuF = 2Cu + 2HF

in a zero gravity environment,

If such a whisker would grow in zero gravity but not in one gravity, then a whole
new class of exothermic whisker growth reactions would probably become possible .

One may argue aguinst the above statement by saying that all whisker growth
by the pure vapor deposition process (no chemical reactio.) is grown by an exo-

thermic process. But vapor growth rate is automatically ‘owered and self-regulated -

as the whisker becomes too hot; whereas in a chemical reaction, the growth rate
increases with temperature and is unregulated, Therefore, we need only be con-

cemed with exothermic chemical reaction interfering with whisker growth.

.7 L n v e iy T R T
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111. DISCOVERY OF A NEW TYPE VACUUM GAUGE USING BROWNIAN MOTION

IN ZERO GRAVITY

This investigation into Brownian motion in zero gravity at low pressures was
prompted by the realization that our existing high=vocuum measurement techniques
are not as accurate nor as simple as one would wish. Often times, it is necessary
to break into and thereby contaminate a sealed container in order to measure the
pressure inside. This procedure always results in a great disturbance and contamina-
tion of the gas. Our calculations and ideas are aimed at relieving this inadequacy
by providing a built-in pressure gauge for any sealed container, and employing only
the principles of Brownian motion os the apparatus by which we measure the pressure.
This procedure would certainly reduce the cost and disturbance of a hot gauge.

The idea most basic to our calculations was that the behavior of a Brownian
particle is similar to that of an ideal gas molecule. At a lower pressure, it would be
assumed that the particle experienced fewer collisions. With this in mind, we first

tumed to Einstein's equation.?

2k,
¥ = - (M

Where S@ is the average of the square of the distance traveled, k is Boltzman's constant,

T is temperature and t is time. The parameter f, given by Fy = pr , is a drag, due to
the Doppler=type collisions of molecules on a Brownian particle. Fy is the drag force,
and V; is the particle velocity. Using an elemental microscopic approach to the mo-

mentum changes experienced by the particle due to the number of elastic collisions per

unit time, and substituting in the ideal g equation, we find the drag to be

-t
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2 . -
f=3d nJMka (2)

where d” is the cross=sectional area of the particle, n is the number of molecules
per unit volume, and Mp, is the mass of the gas molecule. Substitution into the
Einstein equation predicts the Brownian (average diffusion distance) to be

?u“@

~d"n

Using PV = nkT, the equation becomes
2

. 3r(kn)® (4)

Pd? (Mm)?

M
But this equation is based on the assumption that t >> 'Tm , which is quite diffi-

cult to achieve. However, Uhlenbeck and Orenstein® had derived the general form

of this equation, which is
ft
=3 2mkT{ ft -
5= T(a"“ "'). (5) |
;“f"‘,
which we substituted into to ob.ain “,""m,,
& ﬂ"\
L ~2Pt (AAmEa
= _ 9p(kT)® | 2 Pt(Mm)® 30 d(kT)
§° = — - 1 + e (6)
3od(kT)

where
p =density of the Brownian particle.

We gove some optimum values to some of the parameters - T = 3oo°|<, o= .)g/em?,

| TT————— e gl T L gV RG,



158

M, = Atomic mass of Xe, and d ranged from 107" to 107, with t = .1, 1,
and 10 sec. Pressure was graduated in decades from 100 to 10™° torr, All
thase values were treated as constants in plotting the Figs. 1, 2, and 3.
Figs. 1, 2, and 3 are calculotor~driven X-Y recorder plots of equation (6)
of rms Brownian particle displacement as a function of gas pressure.

The flat portion on the upper left of the graphs represents the region ‘vhere
the distance traveled per unit time is constant at any lower pressure, and the
particle travels as if it were virtually free of collisions. The sloping part of the
graph represents the only range of useful information in pressure determination.
Please neglect the small slope changes around 1072 to 1077 torr; they were due to
the calculator's limited range. The curves should all be flat below 107" torr.

Equation 2 beyins to fail with rising pressure as the mean free path of the
molecule aparoaches the particle diameter (d). This region is shown by dashed
lines in the graphs in Figs. 1, 2 and 3. However, at even higher pressures ( Stokes :
law holds and S becomes independent of pressure) the curve again becomes flat
and the gauge useless as depicted by ihe dashed line in the d =10~ cm curve on

Fig. 2.

The maximum useful range extends f.om 10 to 10 torr under the ideal condi- ¥
tions. The heavy X3 gas was used to enhance the efiect since the gauge is less sensi-
tive to lighter e'ements such as hydrogen.

The best curves are with d = 107° cm, but the particle velocity is fairly large for
optical microscope detection so d = 107" could be used with some reduction of useful

pressure range.

vt _ 5 oA e
g - 1;?‘_“7"’&:«5‘9‘%“ - A, %"&
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Measuring the diffusion distance (S) at the end of each second would be experimen=
tolly easy. One could set up a movie camera to photograph the pasition of the particle
at 1 second intervals. From 11 photos 10 values of $* could ke measured and plugged
into Fig. 2 to determine the pressure.

How much spread should be observed in the above 10 numbers? Three of the num=-

bers wil! be (on average) greater than the standard deviatiocn. The standard devia-

tion is also equal to \I—_S?, according to Uhlenbeck and Ormstein's Eq. 7. In other
words, if only one velue ofﬁs_ were measured, there would be a one-third chance
of having an error greater than a factor of 2 in the resulting pressure. The probable
error of the mean would be greatly reduced as more data are averaged together.

The questic y is how many observations of (Se); would be needed to generate
a reasonable accuracy in the pressure. From statistical sampling theory, a theorem
(P. G. Hoel, Intro iction to Mathematical Sfoiisfics)a states that:

If x is normally distributed with meon p ond standard devia-

tion o and a random sample of size n is drawn, then the
sample mean x will be normally distributed with mean p and

* . 0
standard deviation T
n

This means that if 100 values of (Sa)é are meosured, that there will be o one-third
probability of having an error greater than 10%. If only 10 measurements are made, there
will be a one~third probability of having an erro. greater than 30%. If this method
were used for calibration purposes, a iarce number of measurem. ts would be needed.

However, many times, knowing only *.e v.der of magnitude of the pressure is necessary.
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In which case, two or three readings would be sufficient. Most vac.sum gauges have a
limit of accuracy, but the accuracy of this method may be improved by taking more data
rather than buying a new gauge. Of course, this method is no more accurate than
the data and parameters which go into the pressure equation.

Improvements in technology could further enhance the effectiveness of the BMVG.
For example, if the particle density could be reduced by a factor of 1000 b/ using
hollow bubbles, the gauge range could be extended several orders of magnitude. By
using an optical particle tracking the gauge range could also be extended by
several orders of magnitude.

By counteracting gravity with electrostatic or magnetic suspensio. the gauge
could be used in a 1-g field.

In conclusion, the zero gravity Brownian motion vacuum gauge offers a new
approach to the old problem of measuring pressure. As vith other vacuum gauges
its range covers, at best, up to five orders of magnitude pressure variation. Since

only one-man month of effort has been expended on this gauge, it is felt that we

i
b
?
|

have only "scratched the surface” as far as refinement of the gauge goes. However,
our purpose here is only to identify (and not to refine) possible zero gravity experi-

ments,

Actually this Brownian movement vacuum gauge (BMVG) will be classified as

a friction gauge along with ' = rotating cylinder and vibrating reed gauges. They
all monitor viscosity which is pressure dependent as described in a good review

article by H. W. Darwin.*
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Although literature has been searched under the Brownian Movement heading,
searching the field of aerosol diffusion should be more fruitful and current. For
example, the paper on "Theory of Drag on Neutral or Charged Spheroid Aerosol
Particles"® should prove quite useful for further work in this area.

James Gordon 111, a student lab assistant, generated Figs. 1, 2, and 3on a

Hewlett Packard Model 92100-B calculator.
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PART IV: HIGH FREQUENCY CHARACTERIZATION OF GaAs

A. ABSTRACT

The potential role of high frequencies in characterizing the uniformity of thin
layers at the surface of semiconductor crystals without the use of electrical con-
tacts is emphasized. Progress is reported in the development of techniques satis~
factory for high frequency measurements of two parameters, surface resistance and
surface Hall coefficient, of GaAs crystals similar to those crystals to be used in
M-~555 Flight Experiment. A non-resonant reflectance bridge operated at 35 GHz
yielded values of GaAs resistivity in the undisturbed surface layer (circa 100 1. m
thick) that were averages over only a few square millimeters of the GaAs surface
and were reproducible to within approximately 5%; when greater precision in the
surface map is needed, microwave bridge and cavity techniques are available for
adaptation. For the surface Hall coefficient at the same frequency (and, therefore
to the same depth) several bimodal cavities were designed. One cavity was con-
structed of brass, preliminary tests of which show 27 db isolation between the two
modes at zero external magnetic field, and indicate thereby that successful surface

Hall measurements should be attained after tuning controls are added.
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B. SCOPE

The scope was chosen to answer the need of NASA/MSFC Space Sciences

Laboratory for means by which to characterize the electrical properties of resis-

tivity and Hall coefficient in the surface regions of semiconducting crystals to be

grown in flight experiments but without attaching electrical contacts to the semi-
conductor. Satisfactory characterization of a flat semiconductor surface requires
mapping the uniformity of the resistivity ond Hall coefficient without electrical con~
tacts. A precision of 5 to 10% is expected to be sufficient for evaluating the effects
of microgravity on the planned growth of GaAs epitaxial layers and the GaAs self -
nucleated crystals expected in M555 Flight Experiment. Commercial high frequency
techniques are not available but state -of -the -art laboratory microwave techniques are
expected to be sufficient in answering this need for high frequency characterization
(HFC). Therefore, the goals of this seven month study of HFC were:

Aim 1: to demonstrate the precision available in and to begin the study of the
reliability of contactless surface resistance measurements of flat undoped GaAs sur-
faces at 35 GHz at room temperature. The aim was to map the surface with a resolu-
tion of a few square millimeters. The choice of 35 GHz wos dictated by the desire
to sample the thickness expected of the GaAs epilayers on M555.

Aim 2: to demonstrate the feasibility of adapting the microwave rotation
measurements reported at lower microwave frequencies to the service of mapping

surface Hall coefficient of the same GaAs surfaces without the need for contacts.

Y e e,
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Aim 3: To consult with the SSL staff on their crystal growth program and to

begin the use of HFC in their program on GaAs growth and surface preparation.

C. THEORETICAL BACKGROUND

A. Surface Resistance of GaAs

The relaxation time T of the principal carriers is very short in n=type un-
doped GaAs. Therefore, the products of T with the angular frquency and with the
cyclotron frequency of these GaAs carriers are both much smaller than 1. So the
complex tensor conductivity is approximately the DC conductivity o, and the high
frequency skin depth % will be effectively the classical skin depth 6. So,

]F s 8o = ¢ (21':«»%)i
Typical values of 6, are 100 um at 35 GHz in GoAs. If the quality of the GaAs
epilayers can be markedly improved to the extent of longer relaxation times for the
carriers, then deviations from this classical relation would be expected. But then
several other interesting characterization measurements would become feasible, and

should lead to valuable quality mapping of such features as carrier mass and electronic

scattering time itself,

B. Surface Hall Effect in GaAs at High Frequency

Consider the contactless measurement of the high frequency Hall coefficient for the
surface region of a flat GaAs sample in a square, bimodal TE112 cavity, resonant at
35 GHz. The pattern of microwave current induced in the surface of the square end

wall of the cavity is parallel lines as shown in the figure.
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If we make a hole whose area is about 10% of the area of the cavity bottom at
its center, and a flat GaAs sample is mounted uver the hole with adequate choke
joints but without diffused electrical contacts, then the rf induced current J  flows
across the exposed surface of the GaAs sample. When we switck. on a steady mag-
netic field perpendicular to the GoAs surface, the surface current is deflected by the
Hall angle, generating a transverse "Hal! current" which transfers stored energy to the
orthogonal cavity mode,

Under the condition that the mean free path of the carriers, £, is much less than
the skin depth 6 Maxwell's equations and the equations of moticn of the carriers on

the Drude -Zener model gives the following quantities:
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}. Tensor conductivity,

_ %o (1 + (w7)? + (weT)? j
(Oxx)real = ToOND <(@r)° + (wem)° J® + &wT)’ !

]+ c1)
(Oxx)imag = <ﬂjul‘-r'y7 aw(‘;)c 7)%) “’ T+ 4(w'r>

2. Surface resistance,

R‘ = F(Oxx)rgol - Q(Uxx)}m:gg s

(%) real
3. Surface Holl coefficient vy, = FRy.
where o + i B is the propagation constant of the 35 GHz wave into the GaAs s\ face.
More details are given in Appendix VIII.
Consider the following example os being typical of the GaAs crystals to be used in

the M555 Flight experiment. For n-type undoped GaAs at room temperaturs, the

scattering time of the electrons 7 is about 107 second;wT =~ 3(10~2) << 1

for 35GHz. Furthermore, w7 ~ 310 % for B, = 10* Gauss. So we colculate ﬁ

that (o jreal = Oo: the DC conductivity, that (oyx)imag ~ O

Theefore, undoped GaAs can be analyzed as a good conductor. For p~ 0.50Q cm,

we calculate the skin depth tobe 6 = 1/p ~ 150um, and Ry ~ 70. For pyqy = 3000

cm® /volt sec, we then expect the high frequency Hall effect to give

e
nl
Nl )
“-
-
.
by
osn

Y’ = ARY ~ 2(10%) cm/volt sec.
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D. RATIONALE AND APPROACH TAKEN

Effective characterization for NASA's early light samples implies being able
to detect rather small inhomogeneities in the surface regions of the semiconductor
crystal without contamination from diffused electrical contacts and without damege
from high pressure mechanical contacts. These features were taken as design constraints
on the microwave techniques being developed. In view of the :..gency of obrairing
some electrical data on the surface characteristics of GuAs seed crystals before the
fall of 1972, we chose to tuke only one approach out of the many possible for accom=-
plishing each of the two major high frequency charact>- zation procedures cited above,
namely surface resistance and surface Hall effec:.

The initial frequency of 35 GHz was chosen so that the skin depth in the GoAs
seed crystals, based on R.B. Lul's preliminary data on boule G3-77, was comparabie
to the thickness of growth (of some 100 pm) expected onM555 Flight Experiment.

Once the reflectance technique is established ot 35 GHz, measurements at lower
frequencies for probing deeper into the GaAs should be readily adapted. Techniques
ot higher frequencies will be expensive to implement, but may well be worth while
in choracterizing the surface resistance of M555 samples.

Contacts were avoided by designing thin choke coupling configurations. Meci.ani-
cal pressure on the GaAs surface was to be minimized by interposing thin diel:ctric
films between the metal microwave coupier and the GaAs surface to be mapped.
Mapping was then to be accomplished by repositioning the GaAs slab cver the open-
ing of the metal coupler and repeating the microwave measurement.

The size of the opening i1 aach metal microwave coupler corresponds to the
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resolution element of the map and was chosen initially to be 3.5 x 7 mm for surface

resistance mapping and 4.2 mm diameter for Hall effect. Resolution elements as
small as one mm con readily be cbtained for surface resistance at 35 GHz.

Inhomogenreities of the high frequency (surface) electrical properties as small

as 10% should k= observable. The basis for calculating resistivity from non-resonant
surface reflectance data, as shown in Appendix IX, indicates that 0.5% reproducibility
in the r.f. power readings corresponds to 5% uncertainty in each calculated resistivity
value for a surface of the typical (G3-77) seed crystal.

The precision of the s: -2 Hall coefficient similarly depends on the absolute
value of the surface resistivity. Detecting inhomogeneities in surface R as small os
10% with o coupler comprised of a 35 GHz bimodal cavity of nomal metal walls will

require isolation between tl.e two modes of at least 50 db.

E .ESULYS

1. Surface Resistance from Microwave Reflectance Measurements

A 35 GHz reflectance test bench has been designed and assembled from com-
ponents borrowed from the Physical Sciences Laboratory, USA MICOM. It has been
calibrated and operated to measure the microwave powe. reflected from a flat surface
of a sample of GaAs mounted at the end of a specially designed microwave coupler.

Sample contact with the coupler face is electrically insensitive to pressure.

PR s
f

o 5 T BRY ot
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In order to determine the value of the incident and reflected microwave power at the
coupler-sample interface, microwave power measurements have been made after successive
substitutions of the GaAs somples and an aluminum foil standard sample. Thus, a reflected

power is referred to a reference plane established at the coupler-sample in.erface, and
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thereby corrects for losses and reflections in the transmission line between the
sam»’e and the powar detecting element. Reproducibility of about + 0.5% has
been obtained for power reflectance measurements with a corresponding uncer-
tainty of about 1 5.0% for values of resistivity in the neighborhood of 0.5 ohm-cm
such as for repeated maps of the G3-77 seed crystal samples.

In conclusion, the non-resonant reflectance measurement gives the desired
5% precision in the surface resistivity averaged over a resolution element of
approximately 20 square millimeters. The reproducibility is obtained without
the use of diffused electrical contacts or high pressure mechanical contact. It
appears to be only a matter of machining te obtain similar precision in surface
resistance with resolution elements as small as one mm high.

It should be noted that dependence of 35 GHz surface resistance on orientation of
the GaAs crystal can be readily examined with the present waveguide termination
tecnnique. The microwave currents induced in the GaAs flat are unidirectional
over the full resolution element and sur.cessive rotations are accommodated as readily
as suc essive translations. Initie! rotational maps showed no angular variation at

room temperature u; iaige as 10%; none was expected.

2. Volume Resistivity at Low Ratio Frequencies

A logicol extension of the analysis (indicated in Section Il above) to the
case of skin depth comparable to the sample dimensions was employed to test the
feasibility of measuring bulk resistivity and bulk Hall effect without contacts.
Very preliminary results at 3 MHz on GaAs slabs, such as from boule G3-77 where

5(3MHz) .. 10 mm, were obtained from coil loading. Observations of the Q change
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of a copper coil when loaded by each of a variety of GaAs samples indicate that
the rf losses due to bulk ~onduction in the undoped GaAs crystals available can
be measured with considerable precision (good reproducibility). Calculation of
the mean bulk resis.. .ity will, of course, require reasonable control over sample
geometry and coil configuration.

A test of the rotational (Hall) effects of a strong DC magnetic field on coil
looding was run and o small but definite Q change was observed at 10 kilogauss.
Therefore, it appears possible to design a crossed coil system for the appropriate
sample geometry to get some measure of the bulk Hall effect in the seed and source
crystals prior to the M555 Flight Experiments without diffusing electrical contacts.

In conclusion, the technique of coil loading by GaAs crystals having a
regular shape appears to be a feasible way of measuring an average bulk resistivity
and an average bulk Hall effect without diffusing electrical contacts. It is
recommended that the development of this technique be considered for bulk
characterization of the GaAs seed and source crystals to be used in M555 Flight

Experiment.

3. Surface Hall Effect at 35 GHz

As noted in the rationale above, the approach was to use a flat GaAs sur~
face as part of the wall surface of a bimodal cavity and aim at transferring 35 GHz
energy from one mode into the other by means of the Hal! effect on the surface
currents in the CaAs. Casign calculations for several bimodal cavities were per-
formed which would permit some 10 to 20 mm® area of the GaAs surface to be

effectively a part of the cavity wall without diffused electrical contacts or undue
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mechanical pressure. One cavity was machined out of the best brass available; pres-
ervation of four fold symmetry was attempted in order to minimize the direct coupling
between the two modes. Several trials were needed to obtain useful coupling through
the four waveguide irises. With iris coupling adjusted for optimum transmission through
cavity mode 1, the direct coupling through the orthogonal mode was found to be 27 db.
The measured cavity Q with the GaAs surface as part of one wall agrees with theory.
From the DC values of the Hall coefficient for Ga As at room temperature as mea~ .
sured by R. B. Lal, the coupling between modes due to the GaAs Hall effect in this
cavity is expected to be about 40 db. Therefore, before obtaining surface Hall data
with this cavity, tuning controls will have to be added.

An altemate bimodal cavit/ has been designed in which the Hall coupling for a
GaAs end wall is increased about one order of magnitude. If the machining tolerances
attained for the first bimodal cavity can be maintained in the construction of this
altemate cavity, precision of better than 20% in the surface Hall coerficient of GaoAs
can be expected at room temperature for each resolution element of some 4 mm across
and approximately 100 microns deep.

In conclusion, the preliminary tests of a bimodal cavity method for mapping the
surface Hall effect at 35 GHz are favorable. The machining tolerances attaingble
by John Medlin and his staff are sufficiently small to require only rather modest
tuning of the cavity modes in order to get the desired precision for mapping the Hall

coefficient over the skin depth of some 100 . m on flat GaAs surfaces witho t diffused

electrical contacts or undue mechanical pressure,
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C} F. SUMMARY OF PROGRESS ON HIGH FREQUENCY CHARACTERIZATION

The results reported above meet the stated aims for this first seven month
period of adapting microwave measurement techniques reported in the literature ;

to the job of characterizing the surface layers, circa 100 um deep, of the semi-

LT Tt P

conducting crystals to be used and grown on M555 flight experiments. In parti-

cular, the surface resistance ot 35 GHz has been shown 10 give contactless mapping

[T PR NP A T

of resistivity within 100 um of the GaAs su.face to within 5% without contacts.

Furthermore, the initial cavity designs and tests indicate reasonable precision in i

Scslppr %

surface Hall coefficient should be attainable with this technique. Even the contact-
less measurement of the bulk resistivity of GaAs by coil loading in the MF to VHF

ranges appears to be feasible from the very preliminary tests reported here.
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APPENDIX I

CHARACTZRIZATION PLAN FOR APOLIO 14
TECHNICAL DEMONCRATIONS NO, 15,
No, 16, No, 17, and No, 18
T. C. Bannister
R. B, Lal

H. U. Walter

Space Sciences Laboratory

University of Alabama, Huntsville

ARBSTRACT

A characterization plan for solid{fication experiments during Apollo
14 fly back from the moon is presented, The plan describes an evaluation
procedure for each of the four considered experiments according to the
specific objectives of each experiment,
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I. Introduction

The concept of materisls characterization has been clarified in
1967 by a committee of the Materials Advisory Board of the National
Regearch Council MRef, 1), which defines that characterization describes
those features of composition and structure (including defeocts) of a
material that a-e significant for a particular preparation, study of
propertics, or usc, and suffice for the reproduction of the material,

Single cryatals of various aubhstances have gained increasing,
practical {mportance, often for acientific investigations, but primarily
for tcechnical and induatrial applications, These crystals are mostly
grown from the melt, The chemi>al and structural quality of these crystals,
whichin turn determines very strongly the physical properties of the
crystalline materfals, is mainly restricted by fluid motions during the
solid{fication process, The main driving force is gravity and it is
therefore expccted to improve the quality of the crystals by producing
the crystals under reduced gravity conditions in space., The first
solidification cxperiments in space will hopefully be done during the
Apollo 14 flyback from the moon, The proposcd plan has been prepared
with the intention of evaluating the returned samples in such a manner
as to obtain a maximum amount of information, The rclative quality of
the materials grown in space (0O-gravity) may be judged by comparison

with materials grown under the same conditions on carth,

*(Ref, 1)
Characterization of Materials: Nat. Acad. Sci. Nat. Acad, Engg, , NRD
Rept, No, MAB-229-M, Washington, D, C, (1967)
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II. Receiving, Opening and Distribution of Samples

At the meeting held January 19, 1971 at the ME Laboratory, it was
decided that the samples will he received, opencd and distributed to the
investigitors by ME Laboratory under the supervision of Mr, Paul Schucrer
and Mr, BL11 Aldrich , A log of cach samplc and the adminiastrative paper
work will also he maintained and handled by ME Laboratory,

Prior to noening of the sample tubes, X-ray photographs of the whole
tubce should be taken, The opening of the sample tubes should be done in
such a manner that no appreciable heat is developed and no mechanical
strains, for example, due to vibrations, shocks and spimning, are involved,
In addition, contaminatfon of thc samples should be avoided, Handling

of samples with plastic glovea in a clcan area scems to be sufficient,

- S e S S i i il

- awrds endag. . A

O B T A A 4 L, N B ek 105 A




———

aad o AT RAREY

185

[V IST PN

111, Characterization Plan

The four solid{fication experiments considered in this plan have been
deaigned to obtein information about the influence of reduced gravity on

the solidification process of metallic melts, Since each experiment has

o R IR g B -

specific objectives, a specific evaluation plan for cach experiment is
needed,

IIT, A, Specimen No, 15

Indium Bismuth Controlled Eutectic Solidification

ERRL T R E e ]

The object.ve, significance and application of this experiment

e T e,

have been sumnarized in the objective plan as follows:

Objective:

This experiment is directed toward obtaining preliminary
information from which the effects of zero gravity on the control of

eutectic formation in & directionally solidified metal alloy can be assesasncd,

Significance:

This experiment will provide i{nfo:mation in support of hardware

development for approved Skylab compoaite casting experiments, A first orde
assepsment of the criticality of controlling the cate at which the solidifi-

cation front travels through the melt cen be made, r

Application:
Thia experiment, using a low melting point metal alloy which

can be flown abosrd Apollo 14, will provide supporting information for the

development of similar composites of higher temperaturc systems, Thesc
composites such as the AlCu cutectic being planned for Skylab have potential
application {n structural members which exhibit controlled anisotropic propertics
and in the field of power transmission wherc the directiomslly solidified

phase may perform as a superconductor,
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Characterization Plan for Spectmen No, 15

The following characterization plan has heen worked out with strong
cmphasis on the evaluation of the relative crystallographic and geomctric
orientation and the aize of the simultaneously solidi{fied phases, 1In
addition to this, information regarding crystal perfection can be obtained,
The plan includes the following:

a) Non-destructive testing without cutting the whole crystal

b) Parallel tests after cutting the esmple.

a) Non-destructive tests

The test will be performed in the numeric order as described
below,

1, X-ray tranamiasion microscopy of the whole sample In the
tube before opening will reveal the shape, and superficial irregularitics
(cracks, ctc.) of the sample,

2, Techniques to open the sample tube vith minimum danger of

generating mechanical strains, plastic deformation, scratches, incressed

temperature and {nducing contamination have to be considered,

3, All samples should be weighed, Also the sample should be
deacribed phenomenologically, Esch sarmple should be photographed together
with a mecasuring scale to give an {dca 5¢ the afze, shape, cte, of the
sample, Step No, 1 can be repeated {1 no X-ray damage {s known,

4, Electropolishing of the sample should be done, The whole

aample {s then ctched or possibly anodized in order ta reveal pgrain

hounderica,
S. Dimlocation denaity may be determined by ctehing and optical

microscopy,

=
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6, Mapping of grain boundarics and determination of crystallo-
gruphic orfentrtion of the grains by the Lauc back deflection technique
axe very .mpactant and must be donce,
7. Elcectrical resiativity of the whole crystal will be
measurcd by ved point probe methad at room temperature, FElectrical contacts
may be made hy cold weld, ag of pur. indfum contacts to the sample,

8 Single cr_atal X-ray dlffraction measurements may be made to

reveal lattice parameters,etc,
9, Eleccron microprobe analysis or scanning microscopy may

be done on the whole sample, {f possible, which will ceveal the chemical

homogeneity of particular grains,

b) Investigations which will need cutting of the sample:

At this stage the samplc can be cut, The number and shape

of the picces depends on the final decision which investigations will be
performed, The best technique for cutting {s the onc which involves minimum
strains, damage and contamination and should be uscd, Mechanical cutting
is not desirable, acid cutting or clectrochemical cutting should be stromgly
considercd., Three pleces of the crystal (one from cach end and one from the
center) should be kept aside for reference, The fellowing investigations
can be performed simultancously.

1. Electron microprobe analysis, electron scanning microscopy,
and c¢lectron microscopy

2. Electrical resistivity and Hall effect measurements

1. Superconductivity

4, optical microscopy ~ (phasce contrast,ctc,)

5. NMR

R e R IS O A
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6.
7.

8.

Dislocation density by etch pit technique

Optical reflection measurements.

Spark source mass spectrometry for impurities,

188
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III. B, Specimen No, 16

Indium Bismuth Remelt Experiment

The objective,significance and application of this experiment
have been sumnarized in the objective plan as follows
Objective:

The proposed experiment 1is designed to allow the direct
comparisun of solidification characteristics prevailing under laboratory
conditions and under zero gravity. The approach provides a unique mcans for
determining directly (on a compound partially formed on earth and partially
in aspace) the effect of gravity on homogeneity of impurities (striations
and coting) nature and concentration of defects, solid-liquid interface
phenomena, and growth characteristics,

Significance

The experiment will provide preliminary information on zero-g
solidification phenomena which will aid i{n the development of hardware for ;
Skylab experiments,

Application:

The proposed experiment should provide useful information

(using a low melting metal) which will allow improvements in hardware now

under development for growing improved semiconductor crystals, High

Y 5

quality semiconductor crystals have a wide range of commercial applications
in the electronice industry,

Characterization Plan for Specimen No, 16

For thia experiment it is of particular importance to trace the position
up to which the material has been melted and resolidified in space, This

can be done by an iteration technique with resistivity measurements, )

s
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The plan includes the following:

a) Non-destructive testing without cutting the whole crystal

b) Parallel tests after cutting the sample,

a) Non-destructive tests

The test will be performed in the numeric order as
described below,

1, X-ray transmission microscopy of the whole sample in the
tube before opening will reveal the shape and superficial irregularities
(cracks, etc,) of the sample,

2, Techniques to open the sample tube tube with minimum
danger o) generuting mechanical strains, plastic deformation, scratches,
increased temperature and inducing contamination have to be considered,

3, All samples should be weighed, Also the sample should be
described phenomenologically, Each sample should be photographed together
with a measuring scale to give an idea of the size, shape, etc, of the
semple, Step No, 1 can be repeated if no X-ray damage is knownm,

4, Electropolishing of the sample should bg done, The whole
sample is then etched or possibly anodized in order to reveal grain
boundaries,

5. By condudtivity measurements followed by dislocation
density measurements, electron microprobe enalysis, etc., the position
up to which the material has been melted and resolidified in space has
to be determined.

6, Dislocation denaity may be determined by etching and

optical microscopy,
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7. Mapping of grain boundar; s and actermination of crystallo-
graphic orientation of the grains by the Lauc back deflection *echnique
are very important and must be donc,

8., X-ray diffraction studies to reveal the crystalline per-
fecction, lattice parameters, c¢tc,, may be made,

9. Electron microprobe analygis or scanning microscopy may
be done on the whole sample, 1f possfble, which will reveal the chemical
homogeneity of particular grains,

b)  Investigatiomw which will nced cutting of the sample:

At this atage the sample can be cut, The cutting hay

to be done along the axis, and it iy thercforc not reasonable to make
more than 3 slices(o.,d, of the sample 1is only 0,249"), The best
technique for cutting is the one which involves minimum strains, damage
and contamination and should be uscd, Mechanical cutting is not
desirable, acid cutting or elcctrochemical cutting should be strongly
considered, Three pleces of the crystal (one from cach end and one from the
center) should be kept aside for reference, The following invesdtigations
should be done with each of the three slices,

1

Electron microprobe analysis, electron scanning microscopy,

R A
RPASS

and clectron microscopy SRR
2, Electrical resistivity and Hall cffect measurcments

3. Superconductivity

4, Optical microscopy - (phasce contrast, ctc,) i
5. Diglocation densnity by ctch pit technique

Optical reflection measdurements

-
A
i
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111, C, Specimen No, 17

Indium Bismuth Solidification Demonstration (Point-Nucleation)

The objective, significance and application of this experiment

have been summarized in the objective plan as follows:
Objective:

The objective of this demonstration {s to study the solidifi-
catfon of an {ntermetallic compound In space, The crystallization of the
Tt will begin at a point and then contfnue down the rod as determined by
the heating and cooling plan,

Significance:

The presence of gravity induced thermal convection in the
liquid melt causes {rregularitics in the solidification of crystalline
material, Eliminating thermal convection at the solid-liquid interface
should rcsult in a more uniform and perfect crystalline structure,

Application:

The crystal growth cxperiments that have been proposed for
procesning {n space arce predominantly bhased on the possible advantages of
wolidification in a convection-free environment, ‘The controlled solidifi-
cation of InBf may show the magnitude of the possible 1mprovement,

Characterization plan for Specimen No, 17

This sample {8 most likely to be gingle crystalline, Particular
cmphasis should therefore be put on the cvaluation of crystalline and
cinmical perfection in comparison to structural and chemical homogeneity

of samplcs grown under the same conditions on carth,
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The plan {rncludes the followi~g:

e8) Non-destructive testing without cutting the whole crystal

b) Parallel tests after cutting the sample,

a) Non-destructive tests

The test will be performed in the numeric order as
ceacribed below,

1, X-ray tranamission microscopy of the whole sample in the
tube before opening will reveal the shape, and superficial irregularities
(cracka, etc,) of the sample,

2, Techniques to open the sample tube tube with minimum
danger of generating mechanical strains, plastic deformation, scratches,
increased temperature and inducing contamination have to be considered,

3, All samples should be weighed, Also the sample should be

described phenomenologically. Each sample should be photographed together

with a measuring scale to give an idea of the size, shape, ctc, of the
sample, Sctep No. 1 can be repeated if no X-:ray damage 18 known,

4, Electropolishing of the sample should be done, The whole
ssmple {8 then etched or possibly anodized in order to reveal grain
boundaries,

5. By conductivity measurements followed by dislocation
density measurements, electron microprobe analysis, ctc,, the position
up to which the material has been melted and resolidified in space has
to be determined.

6, Dislocation density may be determined by etching and

optical microacopy,

i b SR e e o
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7. Mapping of grain boundaries ane <etermination of crystallo-
graphic orientation of the grains by the Laue back deflection technique
are very important and must be done,

8. X-ray diffraction studies to reveal the crystalline per-
fection, lattice parameters, cte,, have to be made,

9, Flectron microprobe analysis may be done on the whole
nample, I possible, which will reveal the chemfeal homogencelty of
particular grains,

b) Investigations which will nced cutting of the samplc:

At this stage the sample can be cut, The best technique
for cutting is the one which tnvolves minimum straing, damage and
contamination and should be uscd, Mechanical cutting i{s not desirvable,
acid cutting or electrochemical cutting should be strongly considered,
Threo picees of the crystal (one from cach ¢nd and one from the center)
should be kept aside for reference, The fellowing investipgations should
be done:

1, Electron microprobe analysis , ¢lectron scanning wicroscopy,
and clectron microsacopy

2, Electrical resistivity and Hall ¢ffect measurements

3. Superconductivity

4, Optical microscopy - (phase contrast, ctce,)

5. Dislocation density by etch pit technique

6, Optical reflection measurements

BT
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( I1I. D. Specimen No, 18

Sphere Casting Demonstration

The objective, significance and application of this experiment have been

r g Swst Hun e, TV B

summarized in the objective plan as follows:
Objective:

The objective of this demonstration will be to solidify a
suspended metal melt in the weightlessness of gpace.  The experiment will
provide the first information cver obtained on containerless proceasing
in zero gravity,

Significance:

a, The melt is statlic during the process of solidification,

After the spherical melt 1s formed, there are no further motions of the

liquid or solid material, Thereforce, structural and chemical propertics

ATt s s

should hc¢ more homogenous,
b, The melt 18 point suspended contalnerless anq,thurufnrv, :

contamination, inducced atreasses and heterogenous nucleatfon are minimized,

c. Information will be obtained on homogenous and hetero-
gencous nucleation, grain size and distribution and other solidification
phenomena,

Application 1

Since the spherical shape of the casting will be determined

primarily by the surface energy of the melt, this demonstration will

be the firat examplce of the containerless processing required by many proposed
spacce materials experimenta, Mceasurements made on the gphericity and surface '
finish will provide information on.cxperiments such as the spherical

casting cxperiment part of M512,
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Characterization Plan for Specimen No, 18

The sphericity and the topographical surface characteristics need
to be investigated first, Homogeneous and surface nucleation and also
the directional growth of the two eutectical phases should be studied
{ntensively, The latter could inform about the general shape of the
1sotherms in the static melt during solidification.

The plan includes the following:
a) Non-destructive testing without cutting the whole crystal

b) Parallel tests after cutting the sample,

a) Non-destructive tests

The test will bhe performed in the numeric order as
deacribed below,

1. X-ray transmission microscopy of the whole sample in the
tube before opening will reveal the shape and superficial irregularities
(cracks, etc,) of the sample,

2, Techniques to open the sample tube with minimum danger of

generating mechanical strains, plastic deformation, scratches, increased

ALY

temperature and {nducing contamination have to be consldered, Particular
care should be given to the opening procedure 1f the sample has heen
found not to be rupturcd from the capillary by the X<ray transmission

photographs,

3, All samplea should be weighed, Also the sample should be
deacribed phenomenologically, Each sample should be photographed
together with a measuring scale to give an {dca of the aize, shape, ctc,

of the sample, Step No, 1 can be repeated,
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4, Sphericity studies by photographic techniques, followed by

5, Direct mechanical measuring techniques should be done,

6. Smoothness of the surface by techniques which have to be
strongly related to the quality of the surfaces should be performed. It
the surfaces are perfect, interfecrometric techniques should be uscd,

7. After the sphericity amd topography studicy are
completed, optical atudies on phase dfdtributions at the surtace can
be performed,  Actual mapping will not be possible because of the
relative large number and complicated shape of arrays of different phasces
which are ecxpected, Thorefore some representative arcas may be described
more closely, otherwise a genceral deacription seems to be sufficient,

b) Investigations which will necd cutting of the sample:

At this stage the sample can be cut, The best technique
for cutting is the one which involves minimum strains, damage and
contamination and should be uscd, Mcchenical cutting {9 not desirable,
acid cutting or clectrochemical cutting should be strongly considered,
The following {nvestigationa can be performed simultancously,

1. Elcctron microprobe analysis, electron scanning
mlcroscopy, and clectron microacopy

2, Elcctrical rceafstivity measurements, which might bring
some {nformation about average phasc alignment

3. Optical microscopy to study phase alignment (texture)
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IV, Conclusions

During the writing of this re¢port, a number of problems and
questions have arisen, Some of them are listed beliow:

1, Which electrolytes current densities, cathode material /
etc,, should be best used for e¢lectropolishing?

2. Which etchanta should bce used for ctching and dislocation
density studiea?

3, Is anodizing posasiblc and how?

4, How to make clectrical contacts for conducting measurements,

5, What about radiatfion damage by X-rays?

6, Sample preparation for c¢lectron microprobe analysis,

7. How to properly cut the samples,

These and other questions have to be answered before tovchimg

and poesibly damaging the irreplaccable Apollo 14 samples!

K
Pyt S

‘*\’g“?.
SO

R ——



. .
[ T e RN

APPENDIX 1l

A GaAs CHARACTERIZATION PLAN

DESIGNED TO MEASURE THE EFFECT OF MICROGRAVITY

ON GaAs SOLUTIOM GROWTH
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Expected Effect of Microgravity on GaAs Crystal Growth from Ga Solution

A. Although UAH did not propose or design the M-555 experiment, in
order to characterize 0-g effects, we must make some projection of the expected
results. The six projected effects of Zero-g are only qualitative since the exact
magnitude of some of the parameters is not in the literature. .

1. Reduced convection should reduce ‘“2 GaAs mass transpart to the
growth area so that either

(a) the crystals grow at a slower rate, or
(b) fewer crystals are grown

2. Aslight increase in temperature gradient should result from the
lower effective conductivity of stationary Ga due to a reduced convection.

3. Microcrystallites of GaAs will remain in Ga suspension and not
float to the surface. Therefore, the chances of them bumping into and sticking
to the film are increased in o microgravity environment. However, without convection
the chances of a micron size crystallite being swept into the seed are also reduced.

Both microscopy and X-ray topography will be used to identify evidence for micro-
crystal deposition on the substrate.

4. Lack of convection should give rise to increased geometric effects which
could cause a spatial variaion of the GaAs film thickness, e.g., o greater amount of
GoaAs would diffuse to the edge of the substrate disc than to the center. Careful film
thickness measurements, of course, will check this experinentally.

5. Convection at one~g tends to mix the not rich GaAs in Ga solution into

the cooler end of the growth tube. The solution then finds itself supersaturated at the

Ll g
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lower temperature so it condensed into nucleating additional new grains causing
polycrystalline growth. At zero-g we expect smaller temperature and concentration
gradients (due to lack of convection) which should produce a steady unperturbed growth
of crystals and epitaxial layers. This increased perfection should extend to the atomic
scale increasing the electrons mobility and increasing the lattice perfection. Such
zero-g improvements should be readily detected by our proposed characterization
measurements.

6. In zero gravity without convection a larger difference in dopant impurity
concentration should exist between the GaAs source and seed. Without convection the
impurity transport depends only on its diffusion rate through the Ga anc! some dopants
may travei faster and some slower than the GaAs. Since a silicon dopant is being con-
sidered, this effect may be readily detected.

7. Assuming some inert gases were left in the ampoule, bubbles would be
more likely to remain in the liquid Ga in zero gravity. If a bubble resides on the
GaAs seed, then, of course, no epitaxial film would grow on that spot, resulting in
a void on the film. Evidence of such voids will be sought during microscopic examina-
tion.

If the surface tension of Ga decreases with temperature as is the case with
most liquids, then the bubbles would move toward the hot end of the ampoule away

from the seed.

M S
.
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I. GaAs Morphology - Characterization

Introduction

Surface morphology will be used as a qualitative index to the perfection of
GaAs substrates, films and crystailites, A rough grain-like or spongy surface would
suggest polycrystallinity, while a loose film would suggest a nonepitaxial film. Lenie
suggests unaided viewing of the film against a dark background under a tlourescent
light to identify such defects as scratches, pits, "orange peel" and pyramids. Micro-
scopic examination will easily reveal scratches, voids, spikes, crowns, and dimples
with measurements accurate to 1 micron.

A. Interferometry

Smaller surface variations will be detected by using Fizeau Interferometry.
This technique utilizes a 1/2 silvered mirror just above and almost parallel to the
film, monochromatic illumination produces parallel interference fringes if the film
is flat, any derivation from flatness by 1/4 will cause a jog of 1/2 fringe distance
in the otherwise parallel fringe pattern. In other words, using sodium light (A = 589 )
each fringe shift represents a film surface depression (or rise) of .29,.. If fringes are
shifted by 10 spaces, then the irregularity depth is 2.9 .. A series of fringe photo~
graphs (about 20) will map the whole surface. The fringes are like elevation contours
or terraces on a field map. Utilization of optical interference is possible only if the
surface is nearly flat and mirror-like. This technique is best suited to the highly polished
substrate and can be used for a high quality epitaxial film.

In optical microscopy, the light source is highly important. The illumination

should be metallurgical type that is highly collimated parallel to the optical axis of the
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objective lens. Any region of the epitaxial film which is not flat will reflect its

light away from the optical axis causing that regicn to appear dark. A calibrated
tilting stage may be used to both bring the misaligned region into alignment and to
measure the misorientation angle,

B. Reflectogram

The related reflectogram method could give qualitative pictures of the film
surface. A parallel light beam is allowed to strike the epitaxial film at an angle
of 45%, the reflected beam then photographed on a fine textured white screen.
If the film is mirror-like, a uniform round spot is observed; however, a low quality
epitaxial film would result in nonspecular reflections producing a broader spot, Beam
stops insure that no portion of the beam strikes the sample edge, otherwise additional
broadening would result.

C. Scanning Electron Microscope

The scanning electron microscope (SEM) can be used to study the specimen's

morphology. Its advantages are:

1. A larger depth of field and greater magnification by an order of magni -
tude,

2. Tl.e specimen may be an active part of an electrical circuit and the
circuit parameters may be displayed on a screen in phase with the electron beam
sweep. This technique hos been used to map the P-N junction.

3. A quadlitative contrast mode may be used to map the location of different
elements on the surface.

4. The nonscanning electron microscope will not be used here since it produces

only a shadow of a specimen which gives little or no information on surface morphology.

B
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D. Detection of Epitaxial Film Surface Defects

C. E. Hallas and E. J. :‘atzner (IBM)° have reported the following surface
defects observed by microsc e on (111) silicon epitaxial wafers: orientation flat
terracing, crescents and fish'ails, snowballs, mounds and cloudy surfaces. The
probable cause of each of these defects is given, but the above nomenclature is
not completely standard. Ph tographs of the defects are shown so they may be
readily recognized en1i it is umphasized that no etching is required, thus this observa~-
tion is nondestructive,

C. A. Lenie's! article, "Characterization of Film Defects in Silicone Epi-
taxial Wafers' describes defects such as the substrate scratch, after scratch, pit, void,
pyramid, orange peel, dimple, crown, edge ledge and haze.

Apparently stacking faults could be observed under a phase contrast microscope
(Leitz Wetflar Light-Wave Surface Tester® .:ithout etching and with a metallurgical

microscope after etching!
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1. Electrical Properties

Electrical Characterization

The resistivity of semiconductors is a basic material parameter whose measure ~
ment is required for determining the sign, density and interaction of charge carriers
with the host crystal lattice and with impurities.

The measurement of electrical parameters in epitaxial films is aggravated by a
number of difficulties. These include surface roughness and thickness variation, also
mi croscopic chemical inhomogeneities, impurity fluctuations and space charge effects,
which pose a formidable barrier in the way of the quantitative characterization of
resistivity and other parameters.

To characterize the epitaxial layer of GaAs and other small self nucleated
crystallites, the following two types of electrical measurements are proposed:

a. High frequency electrical characterization

b. D.C. electrical characterization

The above two methods are described in detail in separate sections. It is to be
emphasized that the results of each different technique will be useful in double checking Lo

the results and giving greater confidence on the results. E‘f‘?&#

A. D. C. Electrical Charazterization

In the case of semiconductors, as in GaAs, the number of charge carriers, as

well as the mobilities, depénd upon temperature and also on the presence of defects

and impurities. In such a case the most common measurement made of the properties
of a semiconducting solid is the electrical conductivity. In the case of n~type of

material, the expression reduces to,

g = ne
p'n
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where o (the reciprocal of resistivity) is the conductivity, e is the electronic charge

and ", drift mobility of electrons. Since o can be measured experimentally, we can

determine the majority carriers, if the drift mobility can be determined.

In order to determine the type, concentration and mobility of charge carriers,

the measurements made on the resistivity of the film must be supplemented by galvano-

magnetic measurements made over a wide temperature range. A determination of
RH, the Hall coefficient, of the film as a function of temperature is of particular
interest,

In the proposed work we have decided to use the technique developed by
Van der Pauw, ! for the determination of resistivity and Hall coefficient in GaAs
films and crystallites.

Van der Pauw method requires plane parallel samples of arbitrary shape with
four small ohmic contacts on the circumference. A current is passed between two
adjacent contacts while potential differences between the other two are measured
By cyclic permutation two independent pseudo-resistances R, and R, are obtained
as voltage current ratios. It has been shown by Van der Pauw that between R, and

Rz, the resistivity p and the thickness of the platelet d, the following relation

exists,
nd R
= d5=— D4Ry +Ryp 2 1
g {una}{ ! ‘} (R,,) (M
. Ry, . R
The function f(#) is given by Van der Pauw and only depends on the ratic Til
) 2

and is given a graphical form (the maximum error in the curve is ~ 2%).

The Hall constant R, will be determined by using the same contacts by

H
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passing the current in the nonadjacent contacts. The change in voltage is measured
across the other contacts when a magnetic field is applied perpendicular to the sample.

The Hall coefficient R, is given by

H

_d
RH -’E AR3

where B is the magnetic induction and AR, the change in resistance R, with magnetic fieid

and d is the thickness of the sample. Also, n, the carrier concentration, can be calculated

from
R = -]—.-
H ne

where e is the electronic charge. The mobility by con also be calculated from the

expression R
H

p

"H
From the temperature variation of resistivity and Hall coefficient, the total ionized

impurity concentration ND + NA and NA’ and ND can be calculated using the

method of Wolfe et al.”

The experimental setup to do the above measurements down to 4.2°K is available of UAH.

The fo.towing parameters will be used to evaluate the overall role of space
environment on the growth of GaAs epitaxial films and self-nucleated crystals.

1. The overall carrier concentration and mobility of the sample.

2, Type of film grown, n or p-type.

3. Homogeneity of the sample.

4. Mobility
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The quantities mentioned in items 1 and 2 earlier can be determined by the
method described earlier. The homogeneity of the sample (item 3) can be studied
by studying the temperature variation of the ratio of the two resistances R, and R,
occurring in Van der Pauw's equation and also by studying the resistances between
different combination of contacts on the sample. The ratio l;—: which appears in
equation (1) depends only on the geometry of the sample and the contacts. This

means that it should be independent of temperature. Nevertheless, when g_‘_ for

2
a sample is found to change with temperature, the sample must be inhomogeneous,

the resistivity of different parts of the sample having different temperature dependencies.
These phenomena were found in many samples studied at UAH. Ai though a change of [‘:—1
2
with temperature indicates that the sample is not homogeneous, it is emphasized that
constancy of ;‘: does not necessarily mean that the sample is homogeneous. It may
still be composed of homogeneous layers of different composition parallel to the plane
of the sample, or it may be composed of parts with different resistivities having the
same temperature variation.
Especially now in the present plan of having Si-doped seed and undoped film and,
in the other case, undoped seed and Si-~doped film, the technique of four probes ° with
points on the opposite side of the film will be worth trying. This method of four probes with
t' 5 probes on the other side of the wafer has been successfully used by Schumann and
Hallenbeck,® for the epitaxial layer of n or n" in the case of silicon.
In the case of growth of epitaxial layer n or n type GaAs, a method of three-

4

point probe developed by Brownson © will be tried on some practice samples.
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In all the three cases of growth, (a) undoped film on n~type substrate, (b) undoped
film on heavily Si-doped n' substrate and (¢) Si-doped film on undoped substrate, the
overall change of resistivity, mobility and carrier concentration as compared to the values
measured on the seed sample will be able to show the difference of growth in space environ-
ment. In the case (a) changes of + 20% may be detected by resistivity measurements while
in cases (b and ¢) even if the resistivity remains the same it is expected that values of mobility,
carrier concentration and the total ionized impurity density may significantly change to
give meaningful results.

In the case of crystallites if they are not spongy, measurements can be made for
resistivity and Hall effect after polishing and lapping down to a flat surface. If the
crystallites can be picked up at different places along the entire length of the growth

tube, measurements can be more meaningful .
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C. Static Magnetic Susceptibility Measurements on Self-Nucleated GaAs

Crﬁfullifes

Measurement of magnetic susceptibility is another way to get information about
the band structure and the impurity contents in semiconductors , The magnetic suscepti-
bility x can be divided into three parts.

1. That of the free carriers (electrons and holes), X"

2. That of the electrons in the valence band and in the atomic cores, Xy -

3. That of charge carriers bound to impurities, Ximp'

The magnetic properties of imperfect crystals are in general different from those of
perfect crystals. Electrons and holes give rise to both a diamagnetic and a paramagnetic
contribution. Atomic imperfections give rise to paramagnetic c¢ atribution if they contain
electrons in unpaired state, and to diamagnetism in the opposite case. The effects are
usually small but can be separated by studying the temperature variation of susceptibility.
If the pure crystal is diamagnetic, as in the case of GaAs, the effect of imperfections
and paramagnetic impurities can be studied by studying their temperature variation.

Static susceptibility at room temperature and at lower temperatures can be
accurately measured with the existing equipment at SSL/MSFC. The number of para-

magnetic centers/cm® can be calculated for different crystallites which will give informa-

tion regarding impurity concentrations on different crystallites within the ler.gth of the

growth tube,

24
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II. B. HFC Elements of GaAs Characterization Plan

1. Microwave Surface Resistance on Large Flat Surfaces
The surface resistance of flat samples of GaAs can be measured from
microwave power reflectance from the sample which has a shallow skin depth at
35 GHz. Thus the resistivity of the epilayer can be mapped in area increments of
3.5 x ~ 4 mm. Reproducibility of measurements better than + 1% has been obtained.
The value of resistivity can be calculated to within + 10%. No contacts are attached
to the sample.

2. Microwave Surface Resistance on Small Crystallites

The surface resistance of small crystallites with surface areas of approxi~-
mately 1 mm® can be measured by mounting the crystallite inside a waveguide or
cavity. Losses associated with crystallite surface currents are measured which are
a function of sample resistivity. An absolute accuracy of + 10% is expected for
resistivity. No contacts are attached to the sample.

3. Microwave Hall Effect on Large Flat Surfaces

The measurement of Hall effect on large flat surfaces requires the use VA
of a cavity with degenerate, orthogonal modes. Surface currents on the sample are ﬁi

caused to rotate upon application of an external magnetic field resulting in the exci-

tation of the orthogonal mode in the cavity. For a coupling 8 of approximately 20 db,

it is expected by previous calculations that the Hall coefficient can be obtained with
an accuracy of + 10%. Mapping of the large flat surface can be done in small area
increments with an absolute accuracy expected of + 50%. No contacts are attached

to the somple.

AP s s
{
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4, Microwave Hall Effect on Small Crystallites

The Hall coefficient average for each crystallite with a total surface
area of 1 mm? can be obtained with the use of a microwave cavity. An absolute

accuracy of + 50% is expected. No contacts are attached to the sample.

5. Electron Spin Resonance on Large Flat Surfaces

Electron spin resonance (ESR) is useful for nondestructive identifica~
tion of paramagnetic impurities and paramagnetic defects in high resistivity semi-~
conductors., The utility of ESR in medium resistivity semiconductors depends in

detail on the strength of surface currents on the sample. ESR has been observed fer

some of the deep traps such as iron in GaAs. Investigation will be required for shallow

impurities in GoAs. Low temperatures will probably be required. A resolution of 10"
centers/mm® in 100 | m surface layer can be obtained. An absolute accuracy for
mapping paramagnetic defect and impurity concentrations of + 30% is expected. No
contacts are attached to the sample .

6. Electron Spin Resonance on Small Crystallites

The total paramagnetic impurity and defect concentrations are expected
to be determined to within an absolute accuracy of + 30%. No contacts are attached

to the sample.
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III. STRUCTURAL PERFECTION OF GaAs SUBSTRATE, EPITAXIAL FILM AND

SELF-NUCLEATED CRYSTALLITES

Improvements of the quality of space grown epitaxial layers of GaAs in
terms of structural perfection are expected and were implicd as one of the major
objectives of the M 555 experiment. Studying the structural properties of the
space grown film with respect to the quality of films grown in the laboratory should,
therefore, be one of the major task .

However, prior to growing films in the laboratery and even more so in space,
characterization of the structural quality of the substrate has to be done. Since
growing of a layer of only a few hundred microns thickness will not allow defects
that are present in the substrate to grow out, one can generally expect that defects

will be projected into the epilayer to a very high extent. Selection of acceptable ?

substrate material with no two-dimensional defects and low dislocation density is,
therefore, extremely important.

Provided that self-nucleated crystals can be recovered, preferably at the
original site of growth in the ampoule, one should be able to elucidate a variety
of aspects on diffusion and growth kinetics by analyzing the dopant distribution
in the crystallites. Structural perfection should also be studied, but eventually
at a lower key,

In the following is a short outline on techniques to study structural defects
in the expected range; there is, however, o wide variety of opproaches (more
than 30 X -ray techniques ware reported) and only a few of the most suitable and
efficient techniques are considered. These techniques will, on the other hand,

cover the spectrum of defects to be expected completely, Each of the techniques
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recommended can be applied with siight modification for each substrate, film

and crystallite,

(1) Determination of Dislocation Density by Etch Pit Counts

GaAs was subject to a large number of investigations concerning the determina-
tion of dislocation density by etch pit counts. About 30 referer:ces are available to
us. Preferential etching of GaAs is, therefore, o well established technique and will
not present major obstacles. Etching of (100) planes is somewhat difficult since the
pits can usually not be discriminated from the background as well as for example on
() or (1T1) planes. A melt of KOH was found most suitable by us, . It involves,
however, heat treatment to about 300°C for em. 2C Min. On the other hand, a
series of alternative etchants are available and the problems encountered should be

nominal only.

(2) Berg-Barrett Method

This technique was conceived to study the mosaic structure, coherent and in-
coherent grain boundaries, and local strains and inclusions. It is a nondestructive
technique since it is operated in back reflection; both substrate quality and overall
film quality can, therefore, be investigated. The basic upproach is as follows.

A line source aligned in a plane normal to the crystal surface under study is used.
The crystal is -~t in a position satisfying the Bragg equation for a specific wave-
length of a characteristic spectrum. In the case of an "ideal"crystal, only those
beoms are diffracted which are traveling strictly parallel to a specific direction

of the incident beam. Since the beam is also divergent in the vertical direction,

e ch point of the linear focal spot gives a vertical diffraction line. In consequence,

a representation of an area of the crystal is obtained on the film. Imperfect crystals

I CAKNLUA L2 Ktoth 43 bl ) e 1.0

LAt S st B guh



L

214

produce inhomogeneous reflections due to the different orientations of the mosaic
blocks. A second X-ray technique that will enable one to look at imperfections
ona smaller scale, namely at single dislocations is the

(3) Lang Technique

This technique.is suitable for detecting single dislocations in the bulk of a
crystal. A slit-collimated, monochromatic beam, preferably hard radiation from
a point focus tube is used and the reflected beam that is transmitted through the
crystal is photographed. According to the absorption coefficients for X-rays,
specimen thickness has to be small enough for the sample to be transparent to the
radiation. With sample and film held stationary, a section topograph is obtained.
Mounting the crystal and film on a carriage and moving back and forth during ex-
posure with a constant-velocity translation mechanism, large crystal slabs can be
probed entirely. Both survey of distribution of imperfections and registration of single
dislocations are thus obtained. Since the mass absorption coefficients for Ga (e.g.
for Mo Ko? 60.1) and As (for Mo Ka: 69.7) are relatively high and so are the
atomic weights (Ga: 69.72 and As: 74,922), the mass absorption coufficient u*

of GaAs is appioximately 65 cm®/g. According to the equation
-y w
l= lo L Hopx

and a density p of 5.316 g/em® for GaAs s amples for transmission will have to

be less than 100, better less than 20 microns thick, otherwise extreme exposure

times will be required. The technique has to be considered semidestructive and

is not applicable for characterization of the substrate prior to growth. The technique is,

however, extremely valuable for studying the film itsclf, besides detecting

e Rar Pt s -
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dislocations from 1 to 10*/ cm?, strain fields resulting from growth phenomena,
plastic deformation or diffusion processes, small angular displacements such as low
angle boundaries, inclusions and magnetic domain walls can be made visible. Com-
plete specimens up to several inches square can be probed.

The samples prepared for Lang topography could consequently - after thinning by

chemical means - be used for

Transmission Electron Microscopy

Picferably a 150 - 200 KV machine should be used. Information on stacking
faults and identification of screw and step dislocations could be produced . For

the general nurpose of determination of substrate orientation Lave back reflection

. . . -y C .
will be used, orientation of the substrates within +0.5™ s of importance
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IV. Chemical Imperfection

Semiconductor electrical proper “es are extremely sensitive to chemical im~
purity doping even in the ppm range. The semiconductor would be an insulator at
lower temperatures without some impurities (dopants) which contribute electrical
charge carriers. Ideally, therefore, one would like to know the exact quantity of
each elemental impurit,; at least to one part per billion (ppb).

A. Emission Spectroscopy

almost
However this is/impossible in practice and even using "Emission Spectroscopy"

on GoAs only a few metals are detectable in the ppb range and most are detectable only

in ppm or higher, and nonmetals go undetected as shown in Table I. Table I applies
only to 0.2 gm GaAs sample using a split burn technique.

B. Mass Spectroscopy of GaAs

In a GaAs lattice a mass spectrometer analysis has a sensitivity 100 times
greater than that of an emission spectrometer for most impurities and it also detects
the nonmetals as shown in Table 1. The mass spectroscopy results are considered
accurate to a factor of 3. Note, however, that for silicon the emission is still more
sensitive than the mass spectrograph.

C. Electron Beam Scanning

In a scanning electron microscope (SEM) the electron beam “splashes" off
electrons at a rate proportional to the atomic number of the sample. Thus, by measur-
ing this electron current on different spots on the sample, different elements can be
detected qualitatively. In the scanning mode, a surface composition map is generated.
This may be useful for detecting Ga inclusions or residue from the gold electrodes used

in the Copeland probe.
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D. Electron Microprobe (EM) Impurity Characterization

The electron~probe microanalysis offers far less impurity sensitivity, only
300 to 1000 ppm than the mass or emission spectrometer, however, it does have
three distinct advantages in that (1) it is nondestructive, (2) it probes about 2 p m
into the semiconductor surface and (3) an area of os small as 100 L? may be probed

at one time allowing mapping of impurity concentration.

Since the E,M. is nondestructive, it can be used repeatedly checking for GaAs
surface contamination, For example, the total impurities are identified by a mass
spectrometer. The surface impurities may be subtracted to detect the actual bulk

impurities.
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Mr. E. C. McKannan (5.E. ASTN-MM) has generously agreed by phone
to place any equipment and technician needed in the GaAs characterization
plon at our disposal for performing electron microprobe analysis on the GaAs
samples.,

UAH, SSL, and Westinghouse personnel met 7/24/72 to consider which
characterization tasks were best suited to each lab. The results of that

agreement are shown on the next page.
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The characterization tasks of M-555 were assigned as follows in the

SSL-UAH-Westinghouse meeting 7/24/72.

Technique Lab
_C_);ﬁcal M:i croscopy UAH, WH & SSL
Scanning E. Microscopy UAH & SSL
Taly Surf WH
A.C. Resistivity UAH
'% A.C. Hall UAH
g l X-ray Diffraction UAH, WH & SSL
;‘; X-ray Topography UAH/SSL
Photo Luminescence SSL
ESR UAH
Electron Microprobe Analysis Astronautics (or T.1.)
L—
Copeland Probe WH
Angle Lap WH
D.C. Resistance UAH
D.C. Hall Effect UAH
Etch Pit Density UAH & WH
t Slice Crystal WH
g ( : Emission Spectroscopy SSL (or T.1.)

Lang Topography UAH
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SATURDAY MORNING AT 8:130 SESSION JC ROOM 106

(E. P, STILLWELL preaiding)

Thermal and Elastic Propertics, Electron Transport in Non-metals

Invited Paper

Crystal Field Investigation by Neutron Inclastlic Scattering.
HERHERT A. MOOK, Oak Ridge National lLaboratory. (30 min,)

Jc3, Evidence for Large Anisotropy in the Thermal Expansion
Coefficients of InBi.* J. H. DAV |§Lond R. B. LAL, Univ. Ala.
}n Funhvn" e ond B. [, POWELL, West Go. Collrz--—TF
resistance, R, of po|ycrysto||me InBi doubled iirevenibly upon
cycling from 295 1o 77 to 295°K and wes independent of cool -
ing rate. Microscopic observations on polished surfaces showed
widening of grain boundaries, slight grain tilts from the polished
plane, and fine cracks which could account for the increase in
R. Up to 20% of the excess resistance could be removed by
annealing for about 6 houn at 50°C. The lorge magnitude of
these effects may be due to the strong cleavability of InBi in
the (001) plone. These effects were not observed in single
crystals of InBi, suggesting that anisotropic thermal expansion
in each grain, similar to that reported by Boos and Honeycomb
for noncubic metals, is responsible.

* Work supported by NASA contract.

lW. Boos oand R, W. K. Honeycomb, Proc. Roy. Soc. A286,
57 (1944).
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OF THE AMERICAN PHYSICAL SOCIETY

APRIL 1972

1972 SPRING MEETING IN WASHINGTON, D.C.
' 24 - 27 APRIL 1972

S
EL 14 Electrical Resistivity ol In8i Single Crystals.* R. 8.

LAL, H. U, WALTER, and J H. DAVIS, The Univ, of Alc.

in Hunhvillc.--ﬁinglc crystals of InBi of different crystalline
perfection wers grown by the Czochralski and Bridgmon meth.ds
by vorying the growth conditions. »o,, and o, for oriented som-
ples were studied from 300°K 10 2.5°K, The variation of ¢, ond
¢, with temperatyu: e indicates the metallic character of Inﬁt,
with residual resistivity ot or above 8°K. The crystals hod re-
sidul resistivity ratios batween 250 and 50 depending on the
erystal quolity ond growth conditions. Our nmp.ro'uro vorie~
tlon of P, contradicts the results of Hashimoto® whese o, de-
created by two erden of magnitude as the temperature chmgtd
from 2 10 4°K., His low resistivity and low melting point (101 C
instead of 110°C) suggest the presence of tome In,Bi phose which
suoerconducts ot 5,6'K. By fitting our res'stivity doto 10 the
Gruneisen equotion, a value of resistance chcwchrimc tempare®
ture (8y) has been found to be 130°K + 10°K.

*Work supported by NASA contract.
K. Hashimeto, J. Phys. Soc. Japon, 12, 1423 (1957).

FL15 Flectronic Pronerties of Vanadium
Nitriden, ¥ ¥, .. AN, Univ, O TCunA,

and N. R. MacCKONE, RensFolaul 101y ¢Cn=
nir Institute,--The maynetic susceptibl-
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APPENDIX V

Reprinted from

APPLIED PHYSICS LETTERS

VOLUME 19, NUMBER 17

1 OCTOBER 1971

Growth of In, Bi Whiskers*

J.R. Huckle, J.H. Davis, and R.B. Lal
The University of Alabama in Huntsville, Huntsville, Alabama 35807
(Roceived 1 June 1971 ; in final form 26 July 1971)

The first compound whisker grown by squecze technigue n,Bl) 18 reported. Rotating crystal
x-~riy nnulysis and melting-potnt measurements confirmed thiat the whiskers were In,Bi. The
whisker axis colncfded with tho (001) Mfrection for all four  askers. A scanning clectron
microscope photograph indicates thut the whiskers have dinmeters of a few 4 and i morphology

similar to tin whiskers,

The first compound whisker grown by the *‘squeezc
technique”' (In,Bi) is reported herein, Sines® used
this technique to produce whiskers of soft low-melt-
ing-point metals and alloys.

'The In,Bi compound was prepared by mixing with an
accuracy of 0. 1% the required ratio of 89, 88%-pure
In into molten 99. 96%-pure Bi and then allowing the
compound to solidily in a graphite split mold. The
meiting point of the compound formed was found to
be 89 'C as expected. Using the squeeze technique,
whiskers grew from between the interfaces of a

220

stack of cold-rolled steel washers (12.7 mm i.d.,
15.9 mm o.d., and 0.25 mm thick) which were com-
pressed ona 12, 7-mm (,-in.) boll. One side of cach
washer was coated with a film about 1 i thick by
evaporation of In,B{ at a pressure of 10°* Torr at a
rate of about 1 g in 15 min.

The film was evidently not deposited homogeneously,
since Bi was found to evaporate from hot In,Bi about
4% in excess of the expected stoichiometric ratio.
This conclusion was drawn from the phase dia-
gram, *¢ using the fact that when evaporation was
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221 GROWTH OF In,Bf WHISKERS

FIG, 1. Seanning electron microscopo photograph of the tp
tfter hrenking! of un Ingii whisnker

stopped with half the IngBi evaporated the liquidus
melting point of the remalning material was found to
be 85 C, instead of 89 'C as expecled for compound
In,B1. It 18 not surprising that the resldue was In
rich, since In has about 1'f of the vapor pressure of
Bl at 800 C.

Whiskers were observed alter 24-h growth at room
temperature ar ' sume grew to a length of 1 mm In

8 weeks. Most oi the whiskers, like tin whiskers, '
appeared to be several u thick, fluted, stralght, and
elastic to at least 1'f strain In bending.

Since there was some doubt as to the whisker com-
position, four of the whiskers were exariined by
x-ray diffraction using a Nonlus 75 3-mm-diam ro-
tating crystal camera. Independent spots [(300) (110)
(220) (410) (101) (102) {112) (202) (212) (302) (312))

on the rotat’  pattern were cnalyzed to determine
the interpla . r spacings. M.kurov® reported (rom
powder x-ray diffraction measurements that In,Bl
possesses a hexagonal structure with a - 5.498 A
and c- 6.570 A. The spacings were found to fit the
hexagonal structure reported by Makarov® with a

root-mean-sguare error of onlv 0.8 andam .
mum error of 1.30° . The whisker axis was always
tound to be in the ‘001 direction.

According to Glessen ol al., * the In,Bi phase exists
irom 30 to 33 at. s Bi. Although the whisker melting,
point was measured al 88+ 1 C, this, as well as the
x-ray data, only confirms a predominance of In,Bi

and does not rule out the possibilit . of the presence
in smaller quantities of other phases such as In,Bi,.

A scanning electron microscope photograph (Fig. 1)
of the end of an In,Bi whidker shows an elliptical («
h = 2) heawily fluted creas section. This is nol sur-
prising, since a similar morphology has been ob-
served for tin®** and indium® whishers. This further
supports the ldea that the growth recrystalliza’ on
site'" and not the material causes this morphology

Further work vn electrical properties of the whis-
kers I8 In progress and will be reported later.

The authors would like to thank Dr. U. Roy and
D.J. Glassco for making the In,Bi compound. Also
thanks are due to T.C. Dannister, Dr. H. Wailer,
and Dr. M.J. Skove for helpful comments, and to
Dave Nichols for operating the eleclron microscope.

*Work supported by u NASA contruet.
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THE EFFECT OF THERMAL CYCLING ON THE RESISTANCE AND
MORPHOLOGY OF InBi SINGLE CRYSTALS AND POLYCRYSTALS?

R B 1AL and ) 1L DAVIS

Fhe Unconsity of Alabama in Huntseddle, Hunpsiedle, Ala YSROT (U S 4)
and

Bl POWLLI

West Georgra College, Carrollien, Ga MWET (S 1)

{Reveived January 19th, 1972)

SUMMARY

The resistivity of single crystals of InBi has been measured at 295 K, 77K and
again after warming at 295 K. There was no evidence of hysteresis or morphology
change. The apparent resistivity of polycrystals decreases with temperature but has an
irreversible increase over the original room temperature value when warmed back to
295 K. Accompanying the increase of resistance with thermal cycling is the appearance
of cracks on the surface of the sample, which may be explained by assuming that InBi
has a large anisotropy in thermal expar-ion coeflicients.

INTRODUCTION

The structure and some physicid propertics of InBi have been reported in the
literature, From X-ray crystallogruphic analysis  Binnie' found the intermetallic
compound InBi to be tetriagonal. According to the phase dingram reported by Giessen
ef al.?, the melting point of InBi is 109.5°C. The temperature dependence of the
resistivity of single crystuls of InBi has been measured from 35010 100 K by Asanabe !
and from 10 to 2 K by Hashimoto* who found that Mathiessea's rule did not hold.

‘This paper gives the results of the measurement of the clectricial resistance ol
InBi single crystals and polycrystals at 295 and 77 K. Because the room temperatuse
value of the apparent resistivity of polyerystals wis about twice as high after immersion
it liguid nitrogen, the samples were anncaled 1o study the excess resistance, Finally,
the effects of thermal cycling on the surface morphology of polycrystals are reported.

SAMPLES
Single crystals of InBi were grown by the Czochralski method at The iniversity
of Alabama in Huntsville by Dr. U. Roy. High purity (99.999" ) indium and bismuth

were used. The single crystals were cleaved along the (001) planc and a sample hiuving

* Work supported by NASA contract

J LessCammon Metgls, 27 (1972)
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a rectangular cross section was cut from the cleaved crystal. The sample dimensions
(typically 2 x4x 10 mm) were measured with a traveling microscope. Laue X-ray
patterns confirmed the four-fold symmetry normal to the cleavage planc.

The polycrystalline samples were selidifted from the above high-purity molten
InBi in a cylindrical. 64 mm diam. sphit graphite mold. Sample dimensions were
measured with a traveling microscope. The melting point of one of the polycrystals
wis checked and found to be 109 +17C, as expected. This eliminates the possibility
that the presence of heterogeneous® phases, such as In or Bi. caused the results found
in thermal cycling.

PROCEDURE

The resistance was measured by i two-point probe method, i.e.. we measured
the voltage drop across the sample between two potential probes whike we determined
the current by measuring the potential drop across a standird Leeds and Northrup
0.1 ohm resistor. The polycrystatline sample holder had copper clectrical pressure
contacts for current and voltage. The current contacts on the single crystal sample
were made using a low melting solder (m.p. 95°C) and ihe potential contacts were
made with silver conducting paint. All the contacts were found to be ohmic throughout
the entire range of the «mperature studied. A Hewlett Packard data acquisition
systera with a 1 gV resolution was used to print out time of measurement and also
voltages from the sample, the standard resistor, the copper constantan thermocouple
and the germanium resistor. The low-temperature resistance was measured using i
glass cryostat.

RESUL TS OF SINGLE CRYSTALS

The results of measurements of the resistivity (p) at room temperature and at
the temperature of liquid nitrogen are shown in Table 1. There was no indication of
hysteresis. The ratio of pya¢/p2- is 5 and paye/oy 5 s 34, These results are i agree-
ment with the results of Hashimoto* and Asanabe®.

RESULTS FOR POLYCRYSTALLINE SAMPLES

The results of resistance measurements on polycrystalline InBi samples at
room temperature and the temperature of liquid nitrogen are shown in Table 1. The

fABLE T

RESISTANCE RATION OF INDIUM BISMUTH SAMPLES

Sample ' P 101
[T1 P29s
Single crystal ) 020 10
InBi1 polycrystal 2 047 1%
R} 0.55 20
4 23
5 0.69 22

J Lo s-Common Metals, 27 (1972)
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Fig. 2. The same InBi surface after seven therma! cycles to /7 K

Their X-ray examination of samples. for which the surface layers had been etched
away to remove slip lines. indicated that the deformation occurred throughout the
specimen. Epprecht® has studied the behavior of heterogeneous alloys by thermal
treatment and has found deformations when the thermal expansion coeflicients of the
components were considerably aifferent. Likhachev® has studied the problem of
stresses generated in crystals theoretically in terms of the temperature variation, the
elastic constants, and *ie differences of thermal expansion constants.

The present results for polycrystals of InBi are attributed to an anisotropy in
the thermal expansion and the good cleavability in the (001) plane. The deformation
resulting from the temperature change produced the irreversible change of the
resistivity and morphology. The observation that there were no changes of the
resistivity or morphology of single crystals of InBi is compatible with this analysis
because a single crystal would not have surrounding grains on which to exert stress,

Obviously any, experimentalist contemplating using polycrystalline InBi at
low temperature should consider using single crystal samples or take into account the
effects of stress on his results, Polyerystalline InBi appears unreliable upon cooling to
cryogenic temperatures, structurally or as an electrical solder.
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GROWTH AND MORPHOLOGY OF InBi WHISKER CRYSTALS*

J. R. HUCKLE, J. H. DAVIS and R. B. LAL
The University of Alabama in Huntsville, Huntsville, Alabama 35807, U.S.A.

and
D. P. NICOLAS

Marshall Space Flight Center, Alabama 35812, U.S.A.
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The growth of whiskers of compound InBi by the “‘squeeze technique™ is reported. Rotating crystal X-ray
analysis and melting point measurements confirmed that the whiskers were InBi. The whisker axis coincided
with the (101> direction for all three whiskers. Scanning electron microscope photographs indicate that the
whiskers share the irregular cross section and ribbonlike morphology-of other “squeeze-grown’ metal whis-

kers.

The intermetallic compound InBi had gained con-
siderable interest because of its low melting point
(109.5 °C) as compared to other compounds of the I1I-
V series, and also because of the National Aeronautics
and Space Administration’s (NASA) interest in solidi-
tying this compound in one of the Apollo flyback mis-
sions.

Bulk single crystals have been grown by Bridgman'),
Czochralski and soft-mold techniques?*?), This article
describes the growth of InBi whiskers by the “squeeze
technique™*), which has been used earlier to grow
whiskers of soft, low melting-point metals*), alloys®),
and the compound In,Bi®).

The starting material for the InBi whiskers was a
cast sample of InBi compound solidified in a graphite
split mold from 5 N purity molten indium and bismuth.
The mp of the compound so formed was found to be
109.5 'C, as expected from the phase diagram”). Then
the “*squeeze technique™ was employed which consisted
of vacuum evaporating InBi to form a 1 pm thick film
on cold-rolled steel washers (12.7 mmi.d., 15.9 mm
o.d., and 25 mm thick) which were then compressed
between regular washers by a nut on a 12.7 mm (4 in.)
bolt, InBi whiskers were observed at the washer inter-
face after two or three weeks growth at room tempera-
ture. Some whiskers grew (relatively slowly) to a length
of 1 mm in eight weeks,

Both growth and evaporation of InBi could have
been non-stoichiometric, leaving the phase (crystal

* Work supported by NASA contract.

43

structure) of the whiskers in doubt. Finding the whis-
kers to have the expected mp of InBi suggested, but did
not confirm, that the whiskers were InBi. Therefore,
three of the whiskers were examined by X-ray diffrac-
tion using a Nonius 57.3 mm diameter rotating crystal
camera. Exposure times of up to 150 hr were required
using Cu-Ka X-rays at 35 kV and 15 mA, On all three
whiskers, eighteen independent spots on the rotation
patterns were analyzed to determine the interplanar

TanLg |

Interplanar spacings in InBi whisker

dx de Error /& k 1 *Layer
from X-ray calculated (“h) Line No.
(Ay Ay
3.45 31.453 0.1 i 0 i 0
2.85 2.841 103 1 1 1 0
2.50 2.500 0 0 2 0 0
2.02 2.025 02 i 2 i 0
1.73 i 726 0.2 2 0 2 0
1.63 1.632 0t 2 § 2 0
1.50 1 501 0.r 1 3 | 0
3.46 3.453 102 0 1 t I
3.44 3.453 04 0 i 1 i
2.86 2.841 0.7 | 1 1 2
2.84 2.841 0 1 1 2
2.50 2.500 0 2 0 0 2
2.38 2.387 03 0 0 2 2
2.16 2.154 103 0 | 2 2
216 2.154 103 0 1 2 2
177 | 768 101 2 2 0 2
177 1768 P01 2 2 0 2
1.49 1.501 07 i 3 1 2

* The rotation axis coincided with the long whisker axis which
was 101 -
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Fig. 1 A sGanning electron microscope photograph of the tip of
an InBi whisker. The bend at the tip is the result of an attempt to
cleave the whisker. Note “‘celery stick™ appearance which reveals
no indication of crystal symmetry.

spacings. Table 1 gives the values of measured inter-
planar spacings (dx) and also the calculated spacing
(dc) using the lattice constants reported by Binnie®).
Binnie reported that InBi crystals possess a tetragonal
structure with @ = 5.000 A and ¢ = 4,733 A. Our spa-
cings were found to fit the reported structure with a
rms error of only 0.3 % and a maximum error of 0.7 %,
suggesting again that the whiskers are predominately,
if not totally, InBi. Each whisker axis lay in the (101>
direction. This is not surprising since the {101 direc-
tion is the expected direction of easy slip and growth for
a fcc metal and InBi structure is nearly fecc,

Figs. 1 and 2 are scanning electron microscope views
of an InBi whisker Note the highly irregular, unsym-
metrical, ribbon-like cross section. As with other
“squeeze-grown” whiskers®), the cross sections varied
from whisker to whisker but did not change appreciably
along the length. The whiskers were straight, fluted and
elastic to about 1% strain in bending. Their similarity
to other ‘“squeeze-grown” whiskers further supports
the theory!?) that the whisker material has less influence
on morphology than other factors such as the nuclea-
tion grain or the growth site.

The figures show no evidence of our attempt to in-
duce stress cleavage on the usual (001) plane. The stress

Fig. 2. A different view of fig, 1

probably did cause the bend (~20°). This bend was not
a growth kink, but evidently was stress-induced since
the bending is greater on the thinner side of the whisker.

According to the phase diagrams of Giessen et al.”)
and Peretti and Carapella'!), InBi is more compound-
like in that it had no detectable stoichiometric devia-
tion, whereas In,Bi is more alloy-like in that its com-
position range covers 3 at %,. Therefore, this note offers
even stronger evidence that compound whiskers may
be grown by the “squeeze technique”

The authors would like to thank Drs. J G. Castle,
U Roy, R. Kroes, H U Walter and the referee of the
paper for their helpful comments and suggestions.
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APPENDIX VI
Surface Hall Coefficient
X .
Iy
fl . Ix
\ﬁ L 2 N
-\—--’- - ——’
B
| Y ¢
—
Tia ()

Suppose just inside the surface (z = 0) of the semiconducting portion of the wall

of a microwave cavity, we have an alternating electric field

— _’A'w}
Ex = ( one (o] O)

’ ’

and a magnetic field

B = (o, &2, B,)

acting on an isotropic medium os Figure (1) where By, <<B,. Then the ~quation of

motion of free carriers can be written with reasonable accuracy as
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where 7 = isotropic relaxation time, m* = effective mass of carriers on a spherical

Fermi surface, and By, has been neglected.
Solving for V,, and Vy, one can obtain

cawk

Vi = (.2 /- A7 Fo, €
3 *x
( ) [(I-A’w?)’+{w¢?) ]

SR}

- _'_Z_} (74 (W)t (W) ) +aw? (+ (w2~ (we1)' ] L. c
[ ax
-~ (/- (02 )+ (2)' ]+ 4 (w2’

where W a ___3_83_ , the cyclotron frequency.
C m*

The velocity must be averaged over the allowed values of energy and one

obtains

(\,{‘>.. {(?(I+(m7)*(td¢?)]
(/- (7)s (1) )+ 4(02)

a -cwl
7&(/-}(‘0?) -(Uc?):] ‘>’} 'E“C‘w
[ /= (@) ()] + 427

Therefore, the x - component current is

tiw(

JXEMQ<\/‘>

{< A7+ (wr)'s (wc’?)‘] >
<7r> [/_(w»()‘.,(‘.)‘?)‘]‘.,. a(wr)t

I

Y1+ (we)'s (W)t ] } 3 -swht
: — " oxC
[/~ (@w2)' ()] + 4 (@7)

-Hw(
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| é

t C’ Similarly, y = component current is ’

! b

" Jy = % {U T 1 - (w2)']

! (4 N
o o ) o

i ‘

§ 3

: . 3 , :

+i2we, ’ . >) £ e-*wf i

2 ) k

(/- (020" (0e2)' ]+ 4 () ) ;

where o~ = ¢ <> , d.c. measurement conductivity g

Let,

1 a
(Q-:‘)’ - % T 7+ (@0?) 'f(:dc:?) J ‘> §
<12 (/- (w2 ite(ear)'] + 4w

o> 2 (74 (@)= (W) ] \
w E Y :
< (/- () (@2)']4¢ (02)

T 1~ (w2)]

kc*v = O CJ‘< : X
" )' <7 (/-(w?)‘-r(u«.?)j‘*(l(w?)
?
( 0‘) = o, QWb < ! e b :
S EATRY 3 [1~Cur)e(@r) ) +4(0T)

oz () s (mn] Boe ™ oo

Ty = -l + (%)) B, e

E, is indueed by the field in the empty cavity, where the distribution of E field

:
H
SRR YA e o
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ond H field are shown in figure (2)
Wk (OJmath

' 1
' e rnnd
. . » .‘/54 ¢
? /H‘\. ; ! ;'
L H fread R i
St s D I
S N |
* ~ .
l . -— -7 T~ |
“c\"" Yl = *
Sa-aF,Q_‘
T:a. @)
The distribution of microwaves H field pattem on the surtace of
the TE ”‘covi ty TE 2a COvi ty bottom

So, referring to Fig. (1), we can find E, in medium by Maxwe!l's equation

as following,

(assume: { < §,anomalous skin effect)

A
Pz H (&'Z" QE' an -
! € 22 "< €7 )r E, - o

and the boundary condition is

Hyos (Hy )L

where -I'-i.‘is the magnetic field of microwaves near the surface of the medium.

C.‘rrlu* ( El 4:’&&«‘)

PR

e e e e

a1 1



. \\\ .
.

Ry

re

R e T L T R SRR - e oy e .

235

The solution is ;
(./"“‘)? - swk %

.

. (-Rei)t -swd i f ‘
Z-,,=_(A‘+B)XH,,C r e e e e 2

3

where §
E:

("} — e;)[»/’*(%:"g;:)")‘;’]x

2

@ fx )y
¢ ﬁ * *_(‘_977 (O3e)r ) a

A' &n () J . ((,\)({1;{)7 2
+7 (9), )

!fni))’
B = ¢ F (‘:‘)ﬂ(ﬁ:)r> - X

) (‘”(0;;)!' / + ( :)(({:K)P )‘
T Gx )

¢ = .. 8
A

(fug)r'o' {w' i:’ (U;:)A

Substituting (2) into (1) yields

- . 2 . ~Ari)l ot Py
Ino= - (), wicom s J (A% a a0 T e




go 1 gmome o

. . -
.
~ . . . - - b
P - -

R i e R e R e e . L T S ] EER SR

TP e A e

236
Surface impedance:
2' - Fl‘(lo)
J 7, d?
), - & (gm i) -x (R (%) 4 (o))
(0:): + ( G;“)“_\
~ (p (o) -t (o5 ] -2 [ (o), 0p (a3)]
( o;‘ )rt
Sur face resistance:
Rs = Re (2.)
£ G, - (o)
(on)r
Hall field, E—'a = Ry T, B, (if @ is small)
where Ry = .;'_;/-C—- ( D. C. Hall coefficient )

Surface Hall coefficient:

Ey (2e0) ]

Y.'i = Re( p
’3’4j Tu dx

Re fRH(ﬂ-x«)J

= B Rn
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APPENDIX IX
RESISTIVITY OF GaAs FROM MICROWAVE REFLECTANCE
The basis for converting reflectance data to resistivity values is as follows:
Na =1
K= Ma + My
where K = reflaction cosfficient defined by |K| = (Pg/?;)¥
T, = impedance of air in the TE,, rectangular waveguide mode
Ta = surface impedance of GaAs
N LI
Na otjwe
Assuming 0 >> we (high conductivity case), £q. (2) becomes
.
N2 = (wuo)‘} ol ¢
where p = resistivity = ';
2
|w;o'
Assuming also, that T << |
}
then Eq. (1) can be solved for
PR f PR _. 1
- 27’; 2 ﬁ.—' + 5 -P-i- ']
((\]¥] ;FR 1
o
The fractional uncertainty in p is
dp s =2 °p; + SPT-I 1 P dPR
0 -—-~r,—-: "4-8 PR R (P PR
R “2 o + -1y !
S-PT -1 PT 5 'P'l'

N -
« . . P
. ~ ‘ W . -

,oa e ST W T MO 4 As hn v e gt 8wt e e T 1Y o Wi fe A WML mc e
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For a sample from boule G3~77 a typical value of surface resistivity was 0.50 O - em
at room temperature and d PR/?R was observed to be + 0.5%. Therefore, Eq. 5 of this
Appendix gives d o/p of + 5% for the precision of each value of o calculated as the

average within the skin depth and over the area of each resolution element.
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: PROPERTIES OF InSb .
Property Description Comments Reference
Melting Point 525 +0.5°C (rof. 1) Avalve of 523°Cis | 1)T.S. Livand E. A,
frequently quoted in Peretti, Trans. Amer,
the literature. Soc. Metals 44, 539,
o o (1952).
f 52571 1°C (ref. 2) 2) N. H. Nachtrieb and
N. Clement, J. Phys.
’ Chem., 62, 876, (1958).

* Density 0) 5.7751 + .0003 3 R. F. Potter, Phys. Rev., ;
§ g/em® &t 300°K 103, 47 (1956). ;
4 (ref. 3). - ¥
# 4) K, F. Blume and J. B. i
i b) 5.74 g/em® for Mullin, S.i. State Elect,
; the solid at mp. 5, 211 (1962) :
4 - §
c) 6.48 g/cm® for
the liquid. é
H d) density of liquid {
at 1000°C is 6.0
g/em®,
!
Crystal Zinc Blend 5) Same as ref. 1,
Structure Structure
0 =6.4760 k.
Point Group 2 m 6) M. J. " rger, Elemen-
tary Crystallography,
John Wiley, N.Y, (1956).

Cleavage The cleavoge planes InSb can be cleaved 7) H. Pfister, Z. Naturf,
are {110} fairly reodily. 10a, 79 (1955).
Phate Diagram It was found that olioys X~ray measyrement 8) Same os ref, 1.
within 0.5% of stoi=- revealed no dis-
chiometric composi~ cemible change in
tion InSb were still two- lattica parameter,
phoss.
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0.22 ev at 100°K
0.23 ev at 0°K

the center of Britlouin
zone, Effective mass

for electrons at the con-
duction band minimum
usually lie between
0.ul3 my and 0.015 m,
(mo being the free elec-
tron mass). The corres~
ponding gravity for heavy
holes is 0.18 m,.
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Properties of InSb 240
Property Description Commenis Reference
Energy Gap 0.17 ev at 300°K The band edges are at  |9) Same as ref, 4,

Effective Mass

Lies between 0.013 m,
and 0.015 my(my being
the frea eleciron mass)

There is evidence that
light-hole elfective mass
is close to that for con-~
duction band electrons.

10) Some as ref. 4,

Number of
Intrinsic
Carriens

at 300°K.

2x10'® em™®

11) Same os ref. 4.

Electron and hole
mobility in
em?/v = soc

~ 7 x 10* =~ electrons
~ 7% 10 < holes at
300°K
~ 6% 10° - electrons
1 x 10* - holes at

12) Same as ref. 4,

77°K.
Coefficient of 6.50 at 80°K Below 80°K it de- 13) Same as ref. 4.
Linear Expan-~ 5.04 at 300°K creases,even becom-
sion o x 10° ing slightly negative,
cm/deg™? before tending to zero
as 07K is %pprooched.
Above 300°K it in-
creases slightly,
Thermal Conduc~ .04 at 40°C Depends upon 14) A. D. Stuckes, Phys,
tivity in .02 at 425°C specimen purity Rev., 107, 427, (1957),
cal/em sec -
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Properties of inSh 241
Property Description Comments References
Specific heat at 0.0499°6 cal/gram degree 15) Semiconductors
constant pressure | at 298°K and semimetals,
c Eds. Willardson
P and Beer, Vol 2,
p 52, Academic
Press, N.Y. (1964),
Etchants 1 HF 2 to 5 sec. 16) Venables, J.D., et ul
1 HNOs (Polishing) e J. Appl. Phys., 29,
Polish etch for (111) 1025 (1958).
and (110). No etch-
ing on (111) or(100)
5 HF 20 secs. 17) Gatos, H.C., et al.
5 HNO, Etfhing (100) and J. Electrocham. Soc.
2 HgO (110) 107, 433 (1960).
3 HF 5 i0 30 secs. 18) Allen, J. W., Phil
5 HNO, Chemical polist, Mag. 2, 1475 (1957).
S Acstic acid Also been used for
. 19) DeWald, !. F., J.
(CP-4A) etching (111). Electrochem. Soc.
104, 244 (1957).
20) Bordsley, W., et.al.
J. Electron. Contr,,
3, 103 (1957).
1 CP-4i 1 min. 21) Same as ref, 18,
1 HeO Etching (111) and
1 Acetic acid planes from there
out to (112)
l Hr 5 m 'o $8CS . 22) FOU", Jo wa, .'o Gl.,
1 HgO 331 (1960).
0.4M solution of 1 to 5 min. 23) Gatos, H. C., ot.al.,
ferricionin 6 N Etches InSb or J. Electrochem Sec.,
HCI GaAs at differ- 107, 427 (1960).
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APPENDIX XIi 242

X -RAY METHODS FOR STUDYING CRYSTALLINE PERFECTION AND THEIR USEFULNESS
IN THE SSLAUAH CRYSTAL CHARACTERIZATION PROGRAM

Introduction

Since the postulation of imperfections in crystals in 1922 by Darwin, ' optical,

x~ray, slectron and neutron diffraction studies, etc. have shown that the atomic arrange ~ s
ment in real crystals is not ideal but subject to imperfections. The density and magni- ;
tude of these imperfections depend on several factors; for example, on the type of crystal, ~

its purity, conditions of growth, treatment, etc. The SSLAJAH efforts in the area of
crystal growth and crystal characterization are directed towards the investigation of the
influence of reduced gravity on crystolline quality. Proper techniques for studying
structural perfection in particular will have to be employed. Since x-ray techniques

have been proven to be most compatible in studying structurnl perfection, 1 should like

to outline briefly the techniques that are presently used. These techniques are, however,
not used by very many researchers, a fact which is reflected in the very limited possibility

of purchasing the required equipment.

CRYSTAL IMPERFECTIONS AND THEIR INFLUENCE ON X -RAY DIFFRACTION

The expression "crystal imperfection” can denote either:

A. point defects which include phonons, electrons and holes, excitons,
vacancies, interstitial atoms, impurity atoms, or

B. mosaic structure, coherent and incoherent grain boundaries, and local
strains and inclusions.
The diffraction effects which are the basis for studying these imperfections are:

1. peak broadening due to different orientations of the atomic planes

2. displacement of the diffraction peaks due to change in the lattice con-
stants

3. increase in intensity of a reflection i n the region corresponding to the zone

of distuibance (due to extinction contrast)
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) 4. reduction of anomalous transmission of x-rays
5. small angle x-ray scottering ‘
6. change in the Kossel line pattern ‘
7. change in x-rav diffuse scattering - anomalous scattering A
The methods stemming from these aspects ot <-1ay diffraction are: ;
1. Methods of Studying Mosaic Structune %
A. M@Eﬁgﬂlﬁgg!ﬁ?ﬂﬂ(}@fnh‘Budi(ﬂion §
1. Lave Methgg::‘ This method is most widely used in solid state physics 1o :
deteimine crystallographic orientation.  The shape and structuie of interterence spots can, ;
however, be used 1o study the mosaic stiuctuie ot the probed volume. Resolution depend. g
on beam collimation. §

2. Schulz Method: ' White radiation emerging trom a quasi -point source

(~30 1 diometer) is used. The beam is diveigent and u large aiea ot u crysial is probed
under a continuously varying angle of incidence of the primary beam.  The wavelength,

for which the Bragg equation is satisfied, theretoie, also varies continuously, and in the
case of o peifect crystal, an almost continuous spectiom is oblained on the film. I the
beam falls op to disoriented blocks, a bieak can be seen in the spectium on the film. This
brighter or darke: area is due to averlapping ot pasts of the spediuin.  Inteipretation of the
Schulz photographs is somewhat difficult? 1cwolution is to about one minute of arc of lattice

tilt,

3. Guinier and Tennevin Mcthod:" The technique i+ a focusing Laue method;

only one single Laue spot is observed. Misorientations in the order ot 10 seconds of arc
can be resolved. Lffects due to internal strains cannot always be distinguished from effects
caused by disorientations of mosaic blocks.

B. Methods Applying to Monochromatic. Radiation

l. B_e_rg_jlg_r_iq‘l_f_Mglbpgi" A line somee aligned in a plane notmal 1o the

crystal surface under study is used. The crysial s set in o position satedying the Brag
equation for a specific wavelength of u characlerinstic spectium.  In the case of an "ideal”
crystal, only those beoms are diffiacted which are haveling sticily paralled 16 a specilic

O divection of the incident beam.  Since the beam is also divergent in the vertical diveclion,

cach point ol the linear focal spot gives a vertical dithaction line.  In consequence,
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representation of an area of the crystal is obtained on the film. Imperfect crystals will
r.oduce inhomogeneous reflections due to the different orientations of the mosaic blocks.

2. Barth Method:" This is a modification of the Berg method, macromosaic

blocks of the order of 100 u and tilt angles not larger than 1 minute of arc can be de-
tected.

C. ‘ég_e_ctrometric Methods

1. Bragg Method: The total intensity of an interfeience line of the charac
tedistic adiation is studied. The total intensity of the line depends on the degiec of crystal
petteciion.

2. Ib_re_‘t‘g[zs_t¢3| _S_EE_(;_'VIVOEI_\_(*‘!N Method: 0 Aelatively large, shictly mono -
chiomatic collimated beam is diffiacted hiom the sample under investigation.  The sample
is mounted on the table of a Wild's goniometer. By rotating the crystal thiough a very small
angle, the angle of incidence of the monochiomatic primary beam is changed. For a spe-
cific angle of incidence,only a certain number of mosaic blocks can satisfy the Bragg equa-
tion. By changing the position of the ciystal,a number of counts is recorded each time by a
Geiger-Muller counter. This way, the mean angular distiibution of the mosaic blocks may be
measured. There are several modifications of this approach.

3. Lambot Method:” A diveigent x-ray beam emeiging from a lincar source is

reflected from a crystal monochromator and tocused on the sample. The sample is placed

at an angle to salisfy the Biagg law for the mean direction of the incident beam.  For mosaic.

blocks disoricnted by different angles, this condition is satisticd owing 1o the beam diver-
gence within angular limits accotding to the beam diveirgence . Hence, an interlerence
pattern is oblained on the film, each line being due 10 one of the blocks or micioblocks
of the same orientation. Resolution is to 25 | tor tilt angles of the order of 30 seconds.

4. Auleytner Method:" The spechometer methods desciibed above are not

emsy and are experimentally difficult. They requite very expemive and high precision
auxiliary equipment, such as high quality monochiomator, spectrometers and electionic
recording devices. With the Auleytner method, less sophisticated equipment is nceded.
A quasi -point source is used. The x=ray beam passes o nariow slit and the hace ol the

beam on the crystal coincides with the rotation axis of the aystal.  The crystal oscillate,
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relative to a mean position, for which the Bragg condition is satisfied for a given spacing

of the crystal planes under investigation, and for a given wavelength of the characteristic

L {> PR S
FanN

radiation. The diffraction pattern is recorded on a film. The movement of the film is
coupled with the crystal oscillations. The angular speeds of both movements are constant
and equal in magnitude and direction. The structure of a diffraction line reveals crystal
. imperfections down to mosaic block sizes of about 50 ..

1. Methods of S'udLing Dislocation Stiucture

3

; A. Oscillating Film Spectrometer: - (This method has been described in 1,C . 4)

Piecise analysis of the shape of the inteitcience lines by comparing the lines obtained by

: a stationary tilm spectrometer will yield infoimation on dislocation densities.  The analysis
L3 - - .. » !
is 1ather complicated and the method only usetul to dislocation densities greater than 10 i

« <
lines per cm®,
1 k

B. Double Ciystal Spectrometer:  1his technique is based on peak broadening duc ]

to different orientations of the atomic plances. Characteristic x-1ays are reflected at the
Bragg angle from a highly peifect reference ciystal to the crystal to be studied. The re-

flecting planes of the crystal under investigation are usually parallel 1o those of the ref- i

erence crystal. The sample is displaced through a small angle (rocking) while the reflections
are observed. The integrated intensity dithacted by a ciystal oriented near the Bragg angle
and the half widih of the Biagg peak both depend shiongly on crystal perfeciion, The x-ru,
intensity veisus A - plot, the rocking curve, is used 10 express crystalline pertection by
simply indicating the half width of the peak The DCY s, however, estiicled in its
applicotion to crystals with at least 10* dislocations pes cm®. At lowes dislocation densi -
ties, there is no change of intensities and line profiles abservable.  The technique uses o
point monochiomatic x-1ay source. Piecision alignment and rocking of samples is iequired,
temperatune contiol and high vacoum should be implied

C. Borrmann Method:2? The anomalows fiansmission of xtays (Boromann etleet) i

. —— e e ——

used with this topographical method. A crystal is placed in ietieeting position in a colli-

mated, monochromatic beam. If the ciystal is of relutively high perfection, the transmitted
and diffracted beams experience abnormally low ubsorption. A tine-~giained photogiaphi«
emulsion is placed in contact with the surlace opposite 1o the wntace where the beam s inc
dent (both sufaces are plane parallel) and single dislocations show up after enlargement ay

dark shadow-lincs.
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D. Lang Method: '* This technique is also suitable for detecting single disloca-
tions in the bulk of o crystal. A slit-collimated, monochromatic beam, preferably hard
radiation (AgKgq) , from a point focus tube is used and the reflected beam that is trans-
mitied thiough the crystal is photographed. According to the absorption coefficients for
x-1ays, specimen thickness has to be small ¢nough for the sample to be transparent 10 the
tadiation. With sample and film held stationaiy, ua section topograph is oblained. Mount
inq the crystal and film on a carriage and moving back and foirth during exposuie with o
constant -velocity translation mechanism, lurge crystal slabs can be piobed entitely. Both
sinvey of distribution of imperfections and 1egistration of single dislocations are thus obtained

t. Barth-Method: This method i+ described in 1.8.2. It can be used for mapping

of imperfections. The resolution is, howtver, less than with the Lang technique.

TECHNIQUES PROPOSED TO Bt USID IN THE 55L/UAH CRYSTAL
CHARACTERIZATION PROGRAM

The biief outline of techniques 1o study crystal impeitedtions with x~10ys presented
hete covers only the major techniques that have been applied successtully. Theire are
modifications of these techniques and there are olso moie specialired techniques 1o look
at specific types of imperfections such as stain fields in crysiuls, ele.

For our purposes, techniques which enable characterization of relatively large
crystals over o wide spectium of ciystal perlection trom vittually no dislocations to poly-
crystalline materials would be desirable.  Since our time and manpowes is 1ather 1estricted,
building up such iacilities has to be done in such a way that only minoi development and
construction of hardware is done by our own and we should 1ather 1ely on commercially
available equipment. Besides facilities to determine crystal orientation, one of the

techniques 1o study crystal perfection in teims of mosaic shuctine and one technigue 1o
determine dislocation densities down 1o low levels should Le made available

Crystal orientation is generally deteunined by the Laue back eflection wechnique,
both polaroid and iegular film camera should be obtained. A Jungiien anticathode x-1ay

tube with point focus is preferable; this equipment is available tiom Nowelco, G.U. e,

. L

2,
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UAH has a Laue setup from Norelco in operation. ‘We are, however, using the con-
tinouous spectrum of copper, which is not preferable due to the relatively strong in-
tensities of the CuK  and CuKﬁ lines in this continuum. Also, this radiation is relatively
soft, which makes surface preparation more critical.

For studying mosaic structure of crystals, both the Schulz and Berg Barrett tech-
nique seem to be preferable. These setups aie not available commercially. We have,
however, experimented with both of these techniques at UAH, and they can be built up
relatively simply by us. For the Schulz setup a quasi —point source for preferably hard,
white radiation is required. The Berg method would 1equite o monochromatic line
soutce, which can also be purchased. Two universal goniometers tor both sample and
film mounting should be obtained.

Studies on dislocation densities can be done by a variety of techniques as outlined
in the preceding paragraphs. The equipment for such studies, however, has to be rather
sophisticated. After checking with a variety ot x-ray supply companies, we have found
the only setup commercially available is the Lang camera fiom G.E. Since this technique
is versatile and is useful for both mapping of large crystal slabs and detection of single
dislocations, this setup should be considered.

Mostly AgKa radiation is used; an even harder 1adiation would be preterable
since we aie dealing with relatively heavy elements (Bi, InSh, inBi, Ge, eic.). The
studies have to be done in transmission und slabs of these materials with thicknesses less
than | mm have to be prepured without producing additional dumage in both ciystal sur-
faces and bulk. This will requirc pioper cutting and suiface pieparation and the proper
setyps for each of the materials will have to be obtained. Catalogs and price lists have
been obtained on these items and a rough estimate to set up the proposed ariangements
is about 25K 10 30K. Since basic equipment, including Lave cameras and various dif-
fraction camcras, is already available at LJAH, setting up simila facilities a1t UAH would

amoun! to about 10K - 15K.
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